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Despite great development of semiconductor technology, it cannot fulfill the 
demands for easy and low-cost manufacturing of optoelectronic devices. In this context, 
much effort has been devoted to fabricating solution- processable optoelectronic devices 
by utilizing colloidal nanocrystals (NCs), particularly in the field of solar cells. However, 
the applications of NCs in optoelectronic devices, including solar cells, light-emitting 
diodes (LEDs), and lasers have not yet been fully discovered,
1
 in spite of recent advances 
in the synthesis of semiconducting nanocrystals (NCs). Meanwhile, conjugated polymers 
(CPs) have drawn considerable attention as promising materials in the field of solar cells, 
LEDs, thin film transistors, and biosensors.
2
 Their advantageous properties such as 
lightweight, flexibility, low-cost, and large area produciblility may open up opportunities 
for accessing a large variety of optoelectronic devices at low cost, especially when 
combined with semiconducting NCs. Nonetheless, integrating organic and inorganic 
semiconductors and applying them in optoelectronic devices have been sluggish 
regardless of time and effort devoted. To this end, the ability to enhance intrinsic 
properties of NCs through the design of novel nanostructured NCs as well as to craft 
semiconducting CP-NC nanocomposites with intriguing optical and electronic properties 
will allow us to meet these demands noted above.
3
 
This thesis aims to not only fully explore optoelectronic properties of NCs but, 
also craft novel semiconducting CP-grafted NC nanocomposties, which exhibit enhanced 
optical and electronic properties as well as solution processable characteristic. In all 





demonstrated as inorganic semiconducting components due to the following reasons. 
CdSe possesses much higher charge carrier mobility as compared to CPs and fullerene 
derivatives. In addition, the optoelectronic properties of CdSe (e.g., band gap; Eg = 1.72 
eV) can be easily tuned simply by controlling their size owing to the quantum 
confinement effect. Similarly, CdTe is an appealing inorganic semiconductor for 
inorganic solar cells due to its optimum band gap energy (Eg = 1.45 eV) and high 






 thereby improving the light harvesting efficiency 
by extending into the near-infrared (NIR) range. Cleary, incorporating these inorganic 
semiconductor nanocrystals in CPs may result in intriguing optoelectronic properties. For 
the sake of easy demonstration for optoelectronic devices, P3HT was adopted as organic 
component for preparing all organic-inorganic nanocomposites investigated in this thesis 
as it is one of most widely studied CPs and serves as electron donor in photovoltaic 
applications.  
In this thesis, the optical and electronic properties of semiconducting NCs were 
first optimized by controlling their size, architecture, and composition. The simple 
strategy to achieve graded shell architecture for highly luminescent, photostable, and 
Stokes’ shift engineered semiconducting QDs was also explored. This thesis also 
presented the robust routes to crafting CP-NC nanocomposites via click coupling 
between two semiconducting constituents by the utilization of bifunctional short ligands. 
First, in order to produce NCs with desirable architecture such as quantum dots, nanorods, 
and tetrapods, the effects of the monomer concentration, the amount of short bifunctional 
ligands, and the type of surfactants on the shape of NCs were studied. In addition, solar 





of the shape and size of NCs, the types of ligands, and the weight ratio of CPs to NCs on 
the device performance was explored. Crafting CP-grafted NCs and their utilization in 
optoelectronic devices also provided insights into the use in photovoltaics as well as a 










As the global energy demand grows, the need for more efficient and economic 
energy sources has become greater than ever. Fossil fuels, however, are running out and 
responsible for the increased concentration of carbon dioxide in the Earth’s atmosphere. 
Therefore, it has become great challenge to develop environmentally friendly renewable 
energy sources in modern society. Photovoltaic (PV), the technology that directly 
converts light into electricity, is one of the possible solutions for energy crisis. Until now, 
the materials used as active layer in solar cells are mainly inorganic semiconductor 
materials, such as silicon, gallium-arsenide, cadmium-telluride, and cadmium-indium-
selenide. The power conversion efficiency of these solar cells ranges from 10% to 30 %. 
However, these solar cells hardly contribute to the energy market due to their high cost 
and difficulty in mass production. In particular, the cost in large-scale production is one 
of the major obstacles. In this context, the need to develop and deploy large-scale, cost 
effective, and flexible renewable energy is becoming increasingly important. 
Recent research on conjugated polymers (CPs) have garnered increasing 
attention as they offer potential applications in biosensors, thin film transistors, LEDs, 
and solar cells.
4-5 
In the latter context, the use of CPs may pave a promising way to ac
hieve easily manufactured, low-cost solar cells by capitalizing on the advantageous 







 However, the incorporation of electron accepting materials which favor the 
transport of electrons in hybrid solar cells is required as the hole mobility in CPs far 
exceeds the electron mobility. In this context, Hybrid solar cells composed of CPs and 
semiconductor NCs have been considered as a promising alternative to inorganic solar 
cells due to the complementary advantages of CPs and NCs as noted above.
7
 It is worth 
noting that most of CP/NC composites are prepared by simple physical mixing of these 
two constituents based on ligand exchange by utilizing co-solvent or binary solvent 
mixture.
7a, 8
 However, this approach has several issues such as the existence of insulating 
surface ligand and microscopic phase separation, thus limiting the performance of the 
resulting photovoltaic devices due to the decreased light collection through scattering and 
the reduced interfacial area and charge transfer between CPs and NCs as well as the 
electron transport between adjacent NCs in physically mixed composites.
9 
In this context, 
the ability to chemically tether CPs onto the NC surface (i.e., forming intimate CPNC 
nanocomposites) can provide an elegant means of achieving a uniform dispersion of NCs, 
and, more importantly, promoting the electronic interaction between these two 
semiconductors  
  
In this context, a robust synthetic strategy to chemically tether CPs onto the NC 
surface (i.e., forming intimate CPNC nanocomposites) is highly desirable in order to 
achieve a uniform dispersion of NCs, and, more importantly, promoting the electronic 
interaction between these two semiconductors.  
1.2. Challenging 





nanomaterials in hybrid solar cells. First of all, while surfactants are necessary to control 
the shape and size of colloidal NCs as well as to disperse NCs in desired solvent for 
solution-proccessablity, they are usually insulating, and thus hinder the electronic 
interaction between CPs and NCs or NCs and NCs. Therefore, “ligand exchange” 
process,
10
 which replaces original capping ligands with desired ones though the 
adsorption-desorption dynamics, is required to address this issue. In general, short ligands 
are introduced onto the NC surface during ligand exchange process to minimize 
insulating effects from ligands, thus improving electronic interaction among them. 
However, this in turn weakens steric hindrance, and thus results in the agglomeration of 
NCs. Clearly, electronic interaction and dispersion of NCs are inversely correlated when 
the conventional ligand exchange approach is utilized. Moreover, the ligand exchange 
process is generally tedious and thus detrimental for easy and low-cost manufacturing of 
solar cells. Furthermore, the poor miscibility of CPs with NCs is another issue. Despite 
the ligand exchange of NCs, the agglomeration of NCs in the CP matrix is usually 
observed. Once it occurs, the surface area between electron donating CPs and electron 
accepting NCs decreases, leading to reduced exciton dissociation, diffusion, and carrier 
transport.  
In this context, crafting CP-grafted NCs with intimate contact between them may 
provide new opportunities for various optoelectronic applications as these 
nanocomposites are expected to address issues noted above, thus maximizing the 





1.3. Research objectives 
The goal of this project is to introduce simple yet robust strategy for colloidal 
NCs synthesis with improved optoelectronic properties as well as to craft semiconductor 
organic-inorganic nanocomposite materials composed of CPs that are in intimate contact 
with inorganic NCs as acceptors. These newly prepared CP-NC nanocomposites may 
offer promising opportunities to develop novel hybrid materials with improved electronic 
interaction. The specific objectives of this thesis are listed as follows.  
- To explore novel synthetic routes to colloidal NCs with intriguing optical and 
electronic properties, including Stokes’ shift engineering and emission peak 
tuning via tailoring the architecture and composition of NCs. 
- To investigate the effects of the precursor concentration, the amount of 
bifunctional ligands, and the ratio of bifunctional ligands to aliphatic ligands on 
the shape of NCs. 
- To rationally design semiconducting organic-inorganic nanocomposites to 
achieve close contact between the electron donor (i.e., CPs) and the electron 
acceptor (i.e., CdSe NCs, CdTe NCs) to promote charge dissociation at the 
donor/acceptor interface. 
- To reveal the effect of the intimate contact in semiconducting organic-inorganic 
nanocomposites achieved though chemical coupling on the efficiency of the 
resulting solar cells. 





bifunctional ligands, and the amount of residue aliphatic insulating ligands with 
the device performance. 
1.4. Map of dissertation 
This thesis reports robust synthetic routes for inorganic-organic nanocomposites 
for a large variety of potential applications, particularly photovoltaic. In Chapter 2, the 
current progress in organic-organic nanocomposties preparation and their applications in 
photovoltaics are reviewed. Chapter 3 discusses the methodology to achieve elongated 
architecture of CdSe NCs with bifunctional capping ligands and the route to P3HT-CdSe 
NR nanocomposites. Moreover, photovoltaic devices fabricated utilizing P3HT-CdSe NR 
nanocomposites were studies. Chapter 4 investigates the effect of bifunctional ligands on 
the CdTe NC shape and the strategy for crafting P3HT-CdTe tetrapod nanocomposites. 
CdSe tetrapods with high selectivity were prepared and coupled with P3HT by the aid of 
bifunctional ligands and the photovoltaic devices based on P3HT-CdSe tetrapod 
nanocomposites were constructed in Chapter 5. Chapter 6 studies chemical composition 
gradient CdSe/Cd1-xZnxSe1-ySy/ZnS QDs with improved optical properties. Chapter 7 






2. Organic-inorganic nanocomposites composed of conjugated 




Jaehan Jung, Young Jun Yoon, Ming He, and Zhiqun Lin, “Organic-Inorganic 
Nanocomposites Composed of Conjugated Polymers and Semiconductor Nanocrystals 
for Photovoltaics”, Journal of Polymer Science Part B:Polymer Physics, 2014, 52, 1641, 
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2.1. Introduction 
Polymer solar cells have received considerable attention over the past several 
decades due to their advantageous properties, including lightweight, flexibility, and 
solution processability.
11
 However, the electron mobility of most of conjugated polymers 
(CPs) is a few orders of magnitude lower than their hole mobility, thereby resulting in the 
charge carrier recombination in photoactive layer. In this regard, incorporating electron 
acceptors such as fullerene derivatives or semiconductor inorganic nanocrystals (NCs) is 
of key importance.
12
 The bulk-heterojunction (BHJ) structure has been recognized as the 
most successful architecture for polymer solar cells.
13
 In a typical BHJ solar cell, the 
phase separation of donor and acceptor materials forms nanoscopic donor and acceptor 
domains with the size comparable to the diffusion length of CPs (approximately 10~20 
nm), thus maximizing the possibility of photogenerated excitons within CP phase to 
diffuse to the donor/acceptor interface and dissociate.
14
 In the meanwhile, a bicontinuous 
structure is favorable in BHJ devices because of much promoted charge carrier transport 
toward respective electrodes.
15





have achieved energy conversion efficiency up to 6~8%.
16
 
Inorganic nanocrystals (NCs) possess size-dependent optical and electronic 









 and bio-imaging applications.
21
 In particular, incorporating NCs 
(e.g., CdS, CdSe, CdTe, PbS, ZnO, etc.) in polymer solar cells would facilitate the charge 
dissociation and transport owing to the large surface area, high electron affinity, and 
excellent intrinsic carrier mobility of NCs.
4, 22
 In this context, semiconductor NCs have 
been introduced as electron acceptors into hybrid solar cells (e.g., poly(3-
hexylthiophene)/CdSe NCs; P3HT/CdSe).
 40,41
 However, simply physically mixing CP 
and NC often results in micro-scale phase segregation, thus limiting the resulting device 
performance.
7a
 In addition, the insulating organic ligands capped on the NC surface 
hinder the electronic interaction with CPs. As a result, the ability to directly tether CPs on 
the NC surface would be an elegant means of achieving the intimate contact between CPs 
and NCs to prevent such microscopic aggregation. To this end, direct grafting and in-situ 
growth methods have been explored to create CP-grafted NCs and naked NCs in the CP 
matrix, respectively, for hybrid solar cells.
12, 23
 
       Polymer solar cells often suffer from insufficient light absorption despite the 
strong absorption coefficient of most CPs. This is because the thickness of photoactive 
layer is restricted due to the short charge carrier diffusion length as well as the use of 
large bandgap of CPs which fails to absorb solar photons in near infrared (NIR) region. In 
this regard, plasmonic metallic NCs (e.g., Au and Ag) and NIR-absorbing NCs (e.g., PbS 
and PbSe) have been utilized to further harvest solar energy.
24





significant developments in interfacial treatment for efficient charge separation, control 
over the architecture of photoactive layer comprising CP/NC nanocomposites has not yet 
been exploited to its full potential for charge transport due largely to the difficulty in 
controlling the film morphology during the spin-casting process. Ideal device geometry 
should consist of bicontinuous pathway for both holes and electrons, and thus enhance 
charge transport as well as reduce the charge recombination.  
This chapter seeks to summarize the recent progress in organic-inorganic hybrid 
solar cells. The working principle of hybrid solar cells and the development of 
semiconducting p-type and n-type CPs are introduced. The advances in the synthesis of 
CP-NC nanocomposites in which CP and NC are in intimate contact for hybrid solar cells 
are highlighted. Several approaches, including the light harvesting enhancement and the 
control over photoactive layer architectures, to potentially further increase power 
conversion efficiency of hybrid solar cells are discussed. An outlook for future research 
directions in this rich field is also provided. 
 
2.2. Working principle of hybrid solar cells 
The general working principle of hybrid solar cells includes the following 
consecutive steps: (1) the absorption of photons and generation of electron-hole pairs (i.e., 
excitons) in donor materials, (2) the diffusion of excitons to the donor/acceptor interface, 
(3) the dissociation of excitons and charge carriers separation, and (4) the transport of 
holes and electrons to respective electrodes (Figure 2.1).The photon absorption is 





reflection and the thickness of photoactive layer. However, electron donating 
semiconducting CPs (e.g., P3HT and poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV)) often exhibit a bandgap larger than ~2 eV, hence the 
light absorption at longer wavelengths above ~700 nm is limited. Moreover, the thickness 
of photoactive layer cannot go beyond a certain value because of the limited charge 
carrier diffusion length, thereby leading to the restricted absorption of solar energy. Once 
photons are absorbed in an organic semiconductor, a spatially localized electron-hole pair 
(i.e., a Frenkel type exciton) is formed.
25
 Typically, generated excitons in polymer solar 
cells are strongly bounded due to high dielectric constant of CPs. The binding energy of 
excitons in the most of CPs lies in the range of 0.1~0.5 eV.  As excitons are electrically 
neutral, their migration direction is random. The range of movement can be defined by 
diffusion length (L = (D∙τ)
1/2 
= ~10 nm, where τ is the exciton lifetime and D is the 
diffusion coefficient).
26
 The dissociation of excitons occurs solely at the donor/acceptor 
interface, indicating that excitons need to migrate to the donor/acceptor interface to 
generate charge carriers. Because of short diffusion length, it requires nanoscale phase 
separation of donors and acceptors in order to maximize interfacial area for exciton 
dissociation. It is worth noting that the exciton dissociation can also be facilitated by the 
donor-acceptor lowest unoccupied molecular orbital (LUMO) energy level offset as well 
as internal electric field. Once free electrons and holes are generated from the exciton 
dissociation, they must efficiently transport to the respective electrodes without 
recombination. In order to achieve excellent charge carrier transport, bicontinuous 






Figure 2.1. Schematic of the general working principle of polymer solar cells. 
 
2.3. Semiconducting conjugated polymers 
Conjugated polymers (CPs) have been widely regarded as promising electron-
donor alternatives to their inorganic counterparts for photovoltaics, offering expanded 
opportunities for fabricating large-area, light-weight, flexible solar cells at low cost.
27
 A 






 and poly(3-alkylthiophene)s (P3ATs) have been 
employed as electron donors in polymer solar cells,
30
 in which fullerene derivatives such 
as [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) and/or [6,6]-phenyl-C71-butyric 
acid methyl ester (PC71BM) are often used as electron-acceptor materials due to their 







Among all CPs, poly(3-hexylthiophene) (P3HT) has been commonly employed 
as a prototype donor material, possessing a band gap of ~1.9 eV, high optical absorption, 
and proper energy level alignment with electron-acceptor fullerene materials.
31
 On the 
other hand, like many organic conjugated materials, the dielectric constant of P3HT is 
rather low (i.e., ε ≈ 3~4) as compared with that of inorganic semiconductors. Thus, the 
photogenerated excitons within P3HT are bounded electron-hole pairs due to the 
relatively strong Coulombic interaction.
2
 Owing to the intrinsically weak electronic 
interactions among CP chains, the photogenerated excitons usually belong to the Frenkel 
exciton with a high binding energy in the range of 0.06~0.8 eV.
32
 Therefore, the 
photogenerated excitons need to diffuse to the donor-acceptor interface, wherein the 
electron of exciton can transfer from the relatively high LUMO level of CP donor to the 
relatively low LUMO level of acceptor, forming a charge transfer (CT) exciton state as 
well as releasing extra molecular vibrational energy. If the released extra molecular 
vibrational energy exceeds the binding energy of the CT exciton, the exciton can 
eventually be dissociated into free charge carries (i.e., hole and electron).
32
 After 
dissociation, free holes and electrons need to transport to the anode and cathode, 
respectively, and are collected. In this context, the energy-level of both donor and 
acceptor materials should be well-aligned to facilitate the exciton dissociation. The area 
of donor-acceptor interface also needs to be maximized to promote the charge generation. 
The film morphology of photoactive layer should be optimized to improve the charge 
transport.  
It is noteworthy that the photovoltaic performance of polymer hybrid solar cells 





where a large energy offset between the highest occupied molecular orbital (HOMO) of 
conjugated-polymer donors and the conduction band (CB) of inorganic NC acceptors is 
beneficial for achieving high open-circuit voltage (Voc). A low bandgap of CP donors, on 
the other hand, is favorable for extending the optical absorption, increasing the charge 
carrier, and improving short-circuit current density (Jsc).
15b
 Recently, the use of newly 
developed ‘push-pull’ alternating low bandgap copolymers has significantly improved the 
efficiency of polymer solar cells.
27b, 33
 The incorporation of intramolecular charge transfer 
(ICT) between the electron-donating (i.e., to push electron) units and the electron-
withdrawing (i.e., to pull electron) units renders the low optical bandgaps, tunable 
HOMO/LUMO levels, and ultimately enhanced optoelectronic efficiency.
27a
 In 
comparison to P3HT/CdSe nanorod (NR) hybrid solar cells, the photovoltaic 
performance of poly[2,6-(4,4-bis(2-ethyl hexyl)-4H-cyclopenta[2,1-b;3,4-b’]-
dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT)-based hybrid solar cells was 
markedly enhanced, in which Jsc increased from 5.9 mA/cm
2
 in P3HT/CdSe hybrid solar 
cells to 9.3 mA/cm
2
 in PCPDTBT/CdSe-based devices (Figure 2.2). This can be ascribed 
to the effective harvesting of infrared photons by low bandgap PCPDTBT copolymer.
34
 
Moreover, the additional treatment of CdSe NRs with ethanedithiol (EDT) further 
exchanged the residual ligands on the surface of CdSe NRs, resulting in a high Jsc of 12.8 
mA/cm
2
 and enhanced power conversion efficiency (PCE) of approximately 4.7% in 
PCPDTBT/CdSe hybrid solar cells.
34
 
All-CP solar cell (i.e., n-type CP/p-type CP device) and specific CP/NC solar cell 
(i.e., n-type CP/p-type NC/ device) carry several promising advantages over the 





excellent chemical properties. However, the efficiency of all-CP or such CP/NC hybrid 
devices has been limited due to the lack of suitable n-type CPs. In this respect, much 
effort has been made to synthesize n-type CPs, utilizing primarily perylene diimide (PDI) 
or naphthalene diimide (NDI). Zhou et al. reported PCE of 2.23% by employing PDI-
based n-type CPs as acceptors and polythiophene derivatives as donors.
35
 Comparing to 
PDI-based polymers, NDI-based polymers showed improved electron mobility and red- 
 
Figure 2.2. Enhanced performance of polymer/colloidal NC hybrid solar cells after 
treated by ethanedithiol (EDT). (a) Device structure of polymer/CdSe NC hybrid solar 
cells. (b) TEM image of CdSe nanorods with a scale bar of 20 nm, and molecular 
structures of P3HT, PCPDTBT, and EDT. (c) Current density-voltage (J-V) curves of 
P3HT/CdSe hybrid solar cells treated with and without EDT. (d) J-V curves of 
PCPDTBT/CdSe hybrid solar cells treated with and without EDT. [Reprinted with 






shifted absorption. For example, poly([N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)) P(NDI2OD-T2)  exhibited a 




 Moore et al. fabricated a BHJ all-CP solar 
cell composed of a P(NDI2OD-T2) acceptor and a P3HT donor.
37
 The PCE of 
ITO/PEDOT/P3HT:P(NDI2OD-T2)/Al devices was 0.21% with a Voc of 0.52 V, a Jsc of 
1.41 mA/cm
2
, and a fill factor (FF) of 0.29 regardless of high electron mobility and deep 
LUMO level of P(NDI2OD-T2). This can be attributed to the micro-sized phase 
separation and the rapid geminate recombination. Earmme et al. reported an all-CP solar 
cell with a 3.3% PCE utilizing a NDI-based CP as an acceptor and a 
thiazolothiazoledithienosilole as a donor.
38
 A NDI-thiophene copolymer and two NDI-
selenophene copolymers were synthesized and mixed with a poly[(4,4 with a synthesized 
ynthesized zed2′,3′-d]silole)-2,6-diyl-alt-(2,5-bis(3-(2-ethylhexyl)thiophen-2-
yl)thiazolo[5,4-d]thiazole)] (PSEHTT) donor in this study. The conjugated electron 
acceptor isoindigo was also used to prepare a new n-type CP, polyisoindigo with a 
bandgap of 1.70 eV (HOMO and LUMO levels of -5.54 eV and -3.84 eV, respectively).
39
 
The device with ITO/PEDOT:PSS/P3HT:polyisoindigo/LiF/Al structure exhibited a PCE 
of 0.47% (Jsc = 1.91 mA/cm
2
, Voc = 0.62 V, and FF = 0.41).  
The nature of batch-to-batch variations in CPs such as molecular weight, polydispersity, 
purity, and solubility may lead to the difference in device performance. It has been 
demonstrated that the incorporation of small molecules as donors replacing CP donors 









These small molecules were mixed with PC71BM to yield small molecule-based BHJ 
solar cells (i.e., ITO/PEDOT:PSS/DPP(TBFu)2:PC71BM)/Al), exhibiting a PCE of 4.2% 
with a Jsc of 9.0 mA/cm
2
, a Voc of 0.94 V, and a FF of 0.49. Recently, a novel small 
molecule donor was synthesized based on the acceptor/donor/acceptor framework with 
[1,2,5]thiadiazolo[3,4-c]pyridine (PT) units at two ends and dithieno(3,2-b; 2’;3’-d)silole 




 The DTS unit is more electron rich, thereby leading to strong 
intramolecular charge transfer. In contrast, PT unit makes DTS(PTTh2)2 a good electron 
acceptor due to its strong electron affinity. The optical bandgap of DTS(PTTh2)2 was 
approximately 1.5 eV with the HOMO and LUMO levels of -5.2 eV and -3.6 eV, 
respectively. These energy levels impart broad absorption of solar spectrum as well as 
excellent match with the HOMO/LUMO levels of electron accepting PC70BM (i.e., -
6.1eV/-4.3eV) for photovoltaic applications. The ITO/MoOx/DTS(PTTh2)2:PC70BM/Al 
solar cells were fabricated via spin-casting and exhibited a Jsc of 11.4 mA/cm
2
, a Voc of 
0.80 V, a FF of 0.39, and a PCE of 4.5%. After the 1,8-diiodooctane (DIO) treatment, it 
further increased up to 6.7% with a Jsc of 14.4 mA/cm
2
, a Voc of 0.78 V, and a FF of 
0.59%. Interestingly, squaraine dye was also found to act as an electron donor. For 







 The HOMO and LUMO levels were -3.3 eV and -5.0 eV with an absorption 
coefficient of ~2ⅹ105 M-1cm-1. The resulting squaraine/PC71BM BHJ solar cells had 
PCEs of 1.39 % and 1.99 % for hexyl- and hexenyl-substituted squaraine dyes, 
respectively. 
2.4. Grafting conjugated polymers onto semiconductor inorganic nanocrystals 
Most of polymer solar cells have utilized fullerene derivatives as electron acceptors. 
However, in theory their limited charge carriers mobility promotes many studies in 
search of other promising materials as electron acceptors such as semiconductor 










). It is 
interesting to note that these nanoparticles possess high intrinsic carrier mobility and their 
bandgaps can be precisely tuned by controlling the size of nanoparticles.
48
 Moreover, a 
large interfacial area between donor and acceptor due to the use of nano-sized particles 
ensures the effective charge separation, thereby reducing the current losses due to charge 
recombination.
49
 Motivated by these advantages, hybrid solar cells utilizing inorganic 
NCs (i.e., CdSe NRs) as electron donor and poly(3-hexylthiophene) (P3HT) as electron 
acceptor were fabricated.
7a
 The PCE of ITO/PEDOT:PSS/P3HT:CdSe NRs/Al devices 
was 1.7% with a Jsc of 5.7 mA/cm
2
, a Voc of 0.7 V, and a FF of 0.4. However, the overall 
performance of hybrid devices were not satisfactory as expected when considering the 
intrinsically high mobility of inorganic materials. This is due possibly to the presence of 
insulating ligands (i.e., surfactant) in the NC synthesis and the microscale phase 
segregation of NCs within the CP matrix.
50
 The insulating ligands often form a barrier of 
several angstroms around NCs, thus impeding the electron transport to adjacent NCs or 





size is larger than that of the exciton diffusion length. As a result, much effort has been 
concentrated on the increase of interfacial area between CPs and NCs through the surface 




2.4.1. Ligand exchange of original insulating ligand with conjugated oligomers and 
conjugated polymers 
Ligand exchange of original ligands capped on the NC surface with the desired 
ones through the adsorption-desorption dynamics is commonly used to functionalize NC. 
The reactions and rates of adsorption-desorption dynamics can be described as follows,
10
 
Adsorption: M+L →ML, (
𝑑[𝑀𝐿]
𝑑𝑡




)des = -kdes[ML]                (b) 
where M and L refer to the bonding sites on the surface of NCs and the free-state ligands 
concentration, respectively. [ML] is the concentration of ligands in the bonded state. kad 
and kdes are the adsorption and desorption reaction rate constants, respectively. The 
average surface ligand coverage, θ can be described as θ=[ML]/([M]+[L]). For a given 
NC system, the number of bonding sites ([M]+[ML]) is constant. The equations (a) and (b) 
















It should be noted that θ depends on the concentration of ligands, kad, and kdes. The latter 
two are governed by the chemical nature of ligands, which is directly related to the 
binding ability of functional groups of ligands to NC as well as the steric effects resulting 
from neighboring ligands capped on the NC surface. The most commonly used ligands 
include thiols, amines, carboxylic acids, phosphonic acids, and phosphine oxides. 52 
Recently, ligand exchange has been demonstrated to be effective in passivating 
the NC surface with CP ligands. For example, two conjugated oligomer (CO) ligands, 
that is, pentathiophene phosphonic acid (T5) and terthiophene phosphonic acid (T3) were 
tethered onto the surface of CdSe NCs via ligand exchange (Figure 2.3).
53
 The 
phosphonic acid moiety at one end served as functional group that allowed strong 
anchoring of CO to the surface of CdSe NC. The oligohexylthiophene at another end  
 
 
Figure 2.3. (a) The molecular structure of ligands. (b) Proposed energy level diagram of 
the oligothiophene-CdSe complexes. [Reprinted with permission from ref. 92, Copyright 






provided good solubility of CdSe NCs in the most of organic solvents, and good 
miscibility with CPs of similar chemical structures (e.g., P3HT). Querner et al. grafted 
carbodithioate-oligothiphenes onto the CdSe quantum dot (QD) surface via ligand 
exchange for solar cells.
52
 A staggered (type II) alignment ensured the charge separation. 
2.4.2. Direct grafting of conjugated polymers onto nanocrystals. 
Despite the simplicity of ligand exchange, the grafting density of CPs on the NC 
surface is usually low as the targeted CP chains are longer than the originally passivated 
ligands (i.e., an entropic penalty).
12
 To address this issue, Zhang et al. recently applied a 
two-step approach to graft P3HT onto CdSe NRs by using a bifunctional ligand.
51
 First, 
ligand exchange with rationally designed bifunctional ligands (e.g., arylbromide-
functionalized phosphine oxides or thiols) was performed to exchange the original 
insulating ligands on the NR surface. One end (e.g., phosphine oxide) of bifunctional 
ligand was tethered to the surface of CdSe NR, while the other end (i.e., arylbromide) 
underwent the coupling reaction with end-functionalized P3HT. Second, vinyl-terminated  
 
Figure 2.4. Schematic illustration of “graft-onto” technique for CP-NC nanocomposites. 





P3HT was grafted onto the CdSe NR surface through Heck coupling between 
arylbromide functionalities and vinyl end groups as depicted in Figure 2.4. The grafting 
density was 250 and 400 P3HT chains per CdSe NR for phosphine oxide- and thiol-
functionalities, respectively. This result correlated well with the fact that thiol ligands 
coordinate more effectively than phosphine oxide ligands. 
Xu et al. introduced a simpler way for grafting CPs on NCs and thus eliminated 
the need for ligand exchange process.
3
 In their work, [(4-
bromopheynyl)methyl]dioctylphosphine oxide (DOPO-Br) capped CdSe QDs were first 
prepared. The vinyl-terminated P3HT was then directly grafted onto the CdSe QD surface 
via Pd-catalyzed Heck coupling in the absence of ligand exchange (Figure 2.5).
3
 




Figure 2.5. Illustration of grafting vinyl-terminated P3HT onto CdSe QDs utilizing 
bifunctional ligands (DOPO-Br). [Reprinted with permission from ref. 13, Copyright @ 






In order to fully exploit the good charge transport characteristic of semiconductor 
inorganic NCs (e.g., CdSe and CdTe) and enable the intimate contact of NCs with CPs 





controlled by utilizing bifunctional short ligands as introduced by Zhao et al.
23a
 and Jung 
et al.,
23b
 respectively. Specifically, a bifuntional ligand, 4-bromobenzyl phosphonic acid 
(BBPA) that coordinates strongly with (011̅0) and (112̅0) facets of CdSe NRs was 
prepared and used to promote the elongated growth of CdSe NRs, yielding BBPA-capped 
CdSe NRs. Subsequently, the end-functionalized P3HT (i.e., vinyl- or ethynyl -terminated) 
was grafted with bromide group of BBPA-capped CdSe NRs via Heck coupling or click 
chemistry, respectively.
23a
 For the Heck coupling strategy, the reaction was similar to that 
between DOPO-Br-capped CdSe QDs and vinyl-terminated P3HT as described above.
3
 
For the click reaction, the bromide group on BBPA was converted into azide 
functionalities, forming N3-BPA-capped CdSe NRs. P3HT-CdSe NR nanocomposites 
were yielded via the catalyst-free Huigen 1,3-dipolar cycloaddition between ethynyl-
terminated P3HT and N3–functionalized CdSe NRs. It is interesting to note that P3HT-
CdSe NR nanocomposites were prepared via a catalyst-free click reaction. By contrast, 
the Heck coupling approach required a Pd catalyst. Clearly, nanocomposites produced by 
click chemistry are more desirable for hybrid solar cells as there is no need for further 
purification to remove catalysts. 
2.4.3. In-situ growth of nanocrystals within the conjugated polymer matrix. 
Synthesizing inorganic NCs in the presence of CP as matrix represents a new 
route to intimate semiconductor hybrid CP-NC nanocomposites. It dispenses with the 





insulating ligands, involved in the synthesis as noted above.
23c
 Recently, Dayal et al. 
synthesized CdSe nanoparticles without using a surfactant by utilizing the steric 
hindrance stemming from hexyl side chains of P3HT, yielding a simple mixture of 
CdSe/P3HT.
23d
 Cadmium precursor, dimethylcadmium was dissolved in octadecene 
(ODE) and mixed with P3HT in 1,2,3-trichlorobenzene (TCB) solution. Subsequently, 
selenium in trioctylphosphine was injected to initiate the nucleation and growth. 
Interestingly, Liao et al. reported the in-situ growth of anisotropic CdS NCs in the P3HT 
matrix.
23c
 In this work, a binary solvent (i.e., 1,2-dichlorobenzene (DCB) and dimethyl 
sulfoxide (DMSO))  was employed to dissolve both cadmium precursors (i.e., cadmium 
acetate) and P3HT. As the cadmium precursor concentration increased, the shape of NCs  
 
 
Figure 2.6. TEM images of CdS NRs within the P3HT matrix at the cadmium acetate 
concentration of (a) 2.5, (b) 8.3, and (c) 12.45 mg/mL. (d) Close-up TEM image of CdSe 
NR. (e) FTIR spectra of P3HT, P3HT with cadmium acetate, and CdS/P3HT 
nanocomposites. (f, g, and h) Proposed synthesis mechanism of CdS/P3HT 







evolved from a spherical dot to a NR-like morphology (Figure 2.6). Based on the above 
observation, a growth mechanism for the formation of NRs was proposed and elucidated 
by FTIR measurement. A peak at wavenumber of 1106 cm
-1 
corresponding to the S-C 
stretching of P3HT shifted to 1101 cm
-1
 after the addition of cadmium acetate into P3HT, 
suggesting a reduction in bond energy of S-C (Figure 2.6e). This reflected that the 
system underwent an additional intermolecular interaction at the expense of S-C bond 
energy due probably to a strong dipole-dipole or ion-dipole interaction between S atoms 
of P3HT and Cd
2+
 from precursor. On the basis of this study, it was proposed that CdS 
NRs were grown along the P3HT backbone upon the anchoring of Cd
2+ 
on the S atoms of 
P3HT as schematically illustrated in Figure 2.6f-h. 
2.4.4. The hybrid devices utilizing inorganic nanocrystals as an electron 
acceptor. 
Recent research progress in organic-inorganic hybrid solar cells is summarized in 
table 2.1. The power conversion efficiency (PCE) of hybrid cells reaches as high as 
4.7%.
34
 This value is still lower than that of polymer-fullerene solar cells, which exceeds 
8% recently. 
16
 This is because carrier mobilities of colloidal nanocrystals (NCs) thin film 
are low regardless of its superior carrier mobility in bulk inorganic materials.
54
 A critical 
challenge in organic-inorganic hybrid solar cells lies in the interfacial engineering 
between inorganic NCs and organic materials. For example, removing the insulating 
organic ligands of NCs is necessary to facilitate charge transfer between electron 
donating polymers and electron accepting inorganic NCs. However, it results the 























P3HT CdSe NRs Pyridine 5.7 0.7 40 1.7 [31] 
P3HT CdSe NRs ethandithiol 7.4 0.73 54 2.9 [58] 
PCPDTBT CdSe NRs ethandithiol 12.8 0.74 50 4.7 [58] 
OC1C10-PPV CdSe TPs Pyridine 7.30 0.65 35 1.8 [121] 
P3HT ZnO NCs Stabilized  
in methanol 
2.19 0.69 55 0.92 [76] 
P3HT ZnO networks In-situ growth  
in solid state film 
5.2 0.75 52 2.0 [94] 
MDMO-PPV ZnO networks In-situ growth  
in solid state film 
2 1.14 42 1.1 [95] 
MDMO-PPV TiO2 
networks 
In-situ growth  
in solid state film 
0.6 0.52 42  [96] 
P3HT PbS QDs Oleic acid 0.14 0.16 30 0.006 [113] 
PDTPQx PbS QDs Butylamine 4.2 0.38 34 0.55 [84] 
PSBTBT PbS QDs ethandithiol 10.82 0.63 51 3.48 [121] 
P3HT CdS NRs Pyridine 2.28 0.85 46.2 0.89 [67] 
P3HT CdS networks In-situ growth  
in solid state film 
4.848 0.842 53.23 2.17 [68] 
 
Pyridine is typically used as surfactant in the simple physical mixture system as the 
pyridine layer later can be removed during solvent evaporation process. The hybrid CdSe 
NCs and P3HT cells based on pyridine treated CdSe NCs exhibited the PCE of 1.7% 
which is comparable of that of P3HT and fullerene cells. It should be noted that 
ethandithiol treatment can further increase the performance up to 4.7 % by reducing the 
number of defect sites for charge recombination. 
34





of NCs is important factor governing the performance of hybrid cells. For example, 
forming continuous network of inorganic NCs can facilitate charge carrier transport 
behavior, thus results increased PCE. 43b, 55  
2.5. Routes to improved device performance 
Notably, in spite of recent developments in synthesis of hybrid organic-inorganic 
nanocomposites, the performance of the resulting hybrid solar cells has not yet been 
compelling. This can be attributed to several reasons. First, hybrid solar cells may suffer 
from insufficient light absorption because of limited thickness of photoactive layer due to 
short diffusion length of charge carriers. Approximately half of solar energy in NIR 
region is not harvested owing to the large bandgap of most of CPs. Second, intrinsically 
high electron mobility of inorganic NCs for excellent charge transport has not yet been 
utilized to its full potential due to the difficulty in controlling the film morphology. An 
ideal device geometry comprising bicontinuous pathway for both holes and electrons is of 
key importance to enhance charge transport, thus reducing the recombination probability. 
In this context, several approaches to address these issues and potentially improve the 
device performance are followed. 
2.5.1. Optimization of light absorption 
As noted in Section 1, due to limited thickness of photoactive layer, light 
absorption of CPs in polymer solar cells is not adequate as a result of short exciton 
diffusion length and the large bandgap of CPs. Thus, several techniques for light trapping 
have emerged, including the incorporation of metallic nanoparticles, diffraction gratings, 
and periodic nanostructures.
56













 was easily implemented in photoactive 
layer without compromising the device architecture. Gold and copper exhibit surface 
plasmon resonance (SPR) in the visible range,
 93,98
 while aluminum and silver display 
SPR in the ultraviolet range.
 93,98
 The improvement of light trapping can be ascribed to 
the scattering and a near-field enhancement.
56a
 A strong interaction between the free 
conduction electrons in metal and the electromagnetic radiation occurs when the metal 
nanoparticle size is comparable or smaller than the wavelength of the incoming light. 
This oscillation of free electrons in accordance to the electromagnetic fields is termed as 
plasmons. The resonance condition when the frequency of light matches that of free 
electrons occurs and is defined as localized surface plasmon resonance (LSPR).
57b, 59b, 60
 
As a result, metallic nanoparticles enhance local fields in the surrounding area via the 
resonant plasmon excitation, thereby increasing the light absorption.
56, 59c
 Au NCs with a 
size of 5~50 nm were found to enhance the local electric field up to 100 times by storing 
the energy in a localized plasmon modes as they acted as antennas for the incident light.
60
 
In this respect, Au NCs were incorporated either in the photoactive layer or the buffer 
layer (e.g., PEDOT:PSS) to further increase light absorption. The PCE of polymer solar 
cell with a device configuration of ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al was indeed 
increased from 3.57% to 4.24% after incorporating 50-nm Au NCs into the PEDOT:PSS 
layer.
24a
 The light absorption in Au-containing devices increased due to the LSPR-
induced local field enhancement as reflected in the increase in incident photon-to-
electron conversion efficiency (IPCE). The local field enhancement resulted in a rise in 
both JSC and FF from 9.16 mA/cm
2
 to 10.22 mA/cm
2
, and from 66.06% to 70.32%, 





NCs exhibit a low scattering efficiency regardless of high level of self-absorption.
59b
 In 
contrast, Ag NCs show a high scattering efficiency.
24b
 In this context, Au@Ag core/shell 
NCs were introduced to take advantage of both the broad LSPR absorption from Au NCs 
and the higher scattering characteristic from Ag NCs, respectively.
24b
 Two devices were 
constructed: ITO/PEDOT:PSS/PTB7:PC70BM/TiOx/Al and 
ITO/PEDOT:PSS/PCDTBT:PC70BM/TiOx/Al with the incorporation of Au@Ag 
core/shell NCs in the PEDOT:PSS layer.
24b
 Both the scattering and absorption were 
enhanced in Au@Ag NC-containing device (45 nm@10nm) compared to those in Au 
NC-containing device (45 nm), leading to increased PCEs: the PCE increased by 16% 
from 5.21% to 6.08% in PCDTBT:PC70BM-based devices, and by 12% from 7.78% to 
8.74 % in PTB7:PC70BM-based devices. 
Plasmonic metallic NCs were also used in photoactive layer to trap the light in 
the photoactive layer. Recently, Kim et al. investigated the effect of incorporating both 
dodecyl amine (DDA) stabilized Ag NCs (6.1 nm) and Au NCs (5.3 nm) into a poly(3-
octylthiophene) (P3OT):C60 photoactive layer on the device performance.
61
 The PCEs 
were increased up to 70% for Au NC-incorporated device (1.7wt% Au NCs) and 50% for 
Ag NC-incorporated device (1.4wt% Ag NCs), respectively.
61
 Charlie et al. reported the 
increase of PCE in ITO/PEDOT:PSS/poly[2,7-(9,9-dioctylfluorene)-alt-2-((4-
(diphenylamino) phenyl)thiophen-2-yl)malononitrile] (PFSDCN):PCBM/LiF/Al solar 
cells when poly(ethylene glycol) (PEG)-capped Au NCs (18nm) were introduced to 
photoactive layer.
62
 The concentration of Au NCs was varied from 0 to 6 wt%. The PCE 
increased by approximately 32% with the addition of 0.5wt% PEG-Au NCs, while further 





properties of Au NCs may counter-diminish the optical enhancement from their LSPR.
62
 
On the other hand, Topp et al. showed that the inclusion of DDA-capped Au NCs in the 
photoactive layer caused a reduced PCE.
63
 The PCE decreased from 2.5% to 1.1 % in the 
ITO/PEDOT:PSS/P3HT:PCBM/Al device with the incorporation of 23wt% of DDA-
stabilized Au NCs. This was probably because of the quenching of the excited state in 
P3HT
63-64
 or the local short circuits
64
 due to aggregation of Au NCs.
95,105
  
We note that the strategy of incorporating plasmonic NCs in the PEDOT:PSS 
layer or photoactive layer of CP/fullerene BHJ solar cells discussed above may be readily 
extended to the CP-NC nanocomposite system for improved efficiency of hybrid CP/NC 
solar cells.  
As discussed above, the absorption of NIR photons was limited as a direct 
consequence of the large bandgap of majority of electron-donating CPs. In order to 
absorb these long wavelength photons from the sunlight, low bandgap semiconductors 
such as PbS, PbSe, HgTe, FeS2, and Bi2S3 were utilized. PbS NC is the most widely 
studied NIR absorbing material due to its intriguing properties (e.g., low bandgap, high 
dielectric constant, and large exciton Bohr radius (18 nm)).
65
 In the early studies, 
P3HT/PbS NC hybrid nanocomposites were employed as photoactive layer.
65d
 However, 
the overall performance was rather low (PCE = 0.01%) with a FF of 36%, a Jsc of 0.4 V, 
and a Voc of 0.6 μA/cm
2
. Although a higher loading of PbS NCs was required, the 
addition of more NCs resulted in clustering. Several CPs such as poly(2,3-didecyl-
quinoxaline-5,8-diyl-alt-Noctyldithieno[3,2-b:2′,3′-d]pyrrole) (PDTPQx), poly(2,6-bis(3-






d]pyrrole) (PDTPPPz) were also mixed with NIR absorbing PbS NCs for solar cell 
applications. The device based on a simple mixture of PDTPQx and PbS NCs exhibited 
two orders of magnitude greater efficiency (PCE = 0.55%, Jsc = 4.2 mA/cm
2
, Voc = 0.38V, 
and FF = 34%) than that of its P3HT/PbS NC counterpart. Unfortunately, blending PbS 
NCs with most of CPs formed undesired type I heterojunction which is detrimental for 
solar cell applications. This is due mainly to low HOMO level of PbS NCs, thereby 
restricting the number of CPs which can be employed. Thus, the energy levels of PbS 
NCs were precisely controlled by tailoring the NC size. On the other hand, CPs (e.g., 
poly[2,6-(4,40-bis(2-ethylhexyl)dithieno[3,2-b:2′,3′-d]silole)-alt-4,7(2,1,3-
benzothiadiazole) (PSBTBT) with proper energy level was employed.
66
 The explicit 
changes in Voc and Jsc were observed, depending on the diameter of PbS NCs. The best 
PCE was found to be 3.48 % with a Voc of 0.63 V, a Jsc of 10.82 mA/cm
2
, and a FF of 
0.51, which was comparable to that of PSBTBT/PCBM solar cell (3.39 %).
66
 
Utilizing NIR absorbing NCs such as PbS and PbSe is especially beneficial for 
singlet exciton fission photovoltaics. Singlet exciton fission is the process to generate two 
excitons from a high-energy single photon, thereby enabling the increase in current 
density.
67
 The advantage of singlet exciton fission photovoltaics lies on the reduction of 
losses from thermalization.
68
 The high-energy photons are first absorbed, generating a 
high-energy singlet excited state, which is later split into two low-energy states via 
singlet exciton fission. The produced triplet excitons have approximately half the energy 





its previous value. Moreover, conjugated organic materials for exciton fission such as 
pentacene
69
 have a large band gap, indicating that the empty absorption region of 
conjugated organic materials must be filled to capture low-energy photons. Thus, NIR 
absorbing NCs are incorporated to improve the product of photovoltage and photocurrent 
(i.e., power).
70
 Ehrler et al. fabricated singlet excition fission quantum dots solar cells 
utilizing pentacene and PbS NCs.
70b
 The bilayer device structure was composed of 
ITO/pentacene/PbS NCs/ZnO/Al. The energy level of PbS NCs was carefully tuned so 
that holes can transfer from NCs to pentacene efficiently while favoring the ionization of 
triplet excitons of pentacene to PbS NCs. The resulting device had a PCE of 0.85% with a 
Jsc of 7.61 mA/cm
2
, a Voc of 0.27 V, and a FF of 0.41. A similar bilayer device but 
employing lead selenide (PbSe) NCs as NIR absorbing materials was also studied.
70b
 In 
contrast to PbS, the synthesized PbSe usually showed a narrower size distribution which 
enabled even close packing of NCs. The resulting singlet exciton fission device achieved 
a PCE up to 4.7% (Voc = 0.48V, Jsc = 19.9 mA/cm
2
, and FF = 0.49).  
2.5.2. Geometry control over the morphology of photoactive layer 
In general, hybrid solar cells are fabricated using spin-casting or roll-to-roll 
processes to minimize the cost. However, microscopic phase separation usually occurs 
during these processes. Moreover, due to the lack of percolating network resulting from 
the granular and dispersed nature of the NC phase, the favorable characteristic of high 
intrinsic carrier mobility of inorganic NCs is not fully utilized. Several approaches to 
improving the device geometry for fast dissociation of excitons and transport of holes and 
electrons have been introduced, including (1) shape control of electron accepting NCs,
23b, 
27b, 71
 (2) in-situ growth of NCs within the CP film, 
55





mesoporous inorganic template (or NR arrays), 
72




The structure of electron accepting NCs plays an important role in charge carrier 
characteristic. For example, tetrapod-shaped NCs carry a good charge carrier transport 
property than that of QDs and NRs.
7c, 73
 This can be attributed to their three-dimensional 
structure (four arms symmetrically emanating from a central core), which enables 
continuous charge transport pathway in thin film regardless of their orientation.
1
 Sun et al. 
reported that compared to CdSe NRs, enhanced device efficiency was obtained when 
CdSe tetrapods were mixed with poly(2-methoxy-5-(3′,7′-dimethyl-octyloxy)-p-




The percolating network of NCs in the CP film can be achieved via in-situ 
growth of NCs in the presence of CPs.
55
 In this approach, organometallic precursors 
dissolved in CPs solution are deposited on substrates and followed by thermal annealing, 
yielding NC network within the CP film. Oosterhout et al. fabricated 
ITO/PEDOT:PSS/P3HT:ZnO/Al solar cells using this approach.
55a
 Specifically, a mixture 
of diethylzinc and P3HT was spin-coated on the substrate and annealed at 100C, 
forming an interpenetrating ZnO network in P3HT film. The device showed a PCE of 2.0% 
(Voc = 0.75 V, Jsc = 5.2 mA/cm
2
, and FF =0.52). Similarly, a network of TiO2 NCs was 
formed in the poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-p-phenylene vinylene] 
(MDMO-PPV) film using titanium(IV) isopropoxide.
55c





configuration of ITO/PEDOT:PSS/MDMO-PPV:TiO2/LiF/Al showed a Voc of 0.52 V, a 
Jsc of 0.6 mA/cm
2
, and a FF of 0.42 under 0.7 sun intensity.  
Donor/acceptor bicontinuous architecture was also crafted by infiltrating 
nanoporous inorganic template (or rigid NR-like structure) with CPs.
72a
 Coakly et al. 
reported that P3HT infiltrated mesoporous titania film and showed that 33% of the total 
volume of film was filled with TiO2.
72b
 Ravirajan et al fabricated the solar cell with a 
ITO/ZnO/Z907/P3HT/PEDOT:PSS/Au configuration by infiltrating P3HT into ZnO NR 
arrays.
74
 The device efficiency was 0.2 % with a Jsc of 2 mA/cm
2
. 
Vertically oriented assemblies of inorganic NRs have been prepared by the 
following methods: (1) self-evaporative drying,
75
 and (2) utilization of external fields 
(e.g., magnetic field or electric field).
75b, 76
 For the solvent-assisted evaporation technique, 
the pinning of three-phase contact line of a drying droplet led to the capillary flow of 
nonvolatile solutes (e.g., NRs) within the droplet to its edge, forming smectic or nematic 
superstructure. The entropically driven depletion force played a key role in assembly 
regardless of its weak strength.
75a
 Vertically aligned architectures can also be achieved by 
applying electric field in case of NRs with intrinsic dipole moments (e.g., CdSe and CdS). 
The vertical assembly of NRs can be facilitated when the electric field-induced torque on 
NRs was greater than the thermal excitation energy (kT). 
77
 For example, the dipole 
moment of CdSe NRs was calculated to be ~1450 D, and the electric field was 10
7 
V/m. 
The strength of the torque applied on NRs was then 4.872 ⅹ 10-20 Nm.77b This value 
was one order of magnitude lager than thermal energy at room temperature.
77b
 Therefore, 





successfully aligned CdS NRs using electrophoresis which applies an electric field on 
charged particles in solution to cause electromigration of particles toward the oppositely 
biased electrodes.
77a
 The perpendicular orientation of CdS NRs was formed due to their 
constituent dipole moment from their non-centrosymmetric wurtzite structure. 
77b
 
However, it is necessary to incorporate electron donating materials (e.g., CPs) along with 
the aligned electron accepting NRs for photovoltaic applications. To this end, several 
research groups have reported vertical alignment of NRs within polymer matrices. 
Modestino et al. prepared vertically assembled CdSe NRs in the presence of polymer 
matrix such as P3HT and polyvinylcarbazole (PVK).
75d
 However, CdSe NRs were 
aligned vertically, while excluding polymers from the NR arrays. Recently, corralled 
CdSe NR (8nm in diameter and 40nm in length) arrays were formed after phase 




2.5.3 Engineering conjugated polymers for high hole mobility. 
While semiconductor inorganic NCs have high electron mobility, the hole 
mobility of most of CPs is typically three orders of magnitude lower than that of NCs, 
thereby leading to charge accumulation in the film and increasing the possibility of 
recombination between electrons and holes in hybrid solar cells. To this end, several 
studies have been performed toward increasing the charge mobility of CPs. It is well-
known that the mobility of CPs depends heavily on their crystallinity, the orientation of 
crystals with respect to the charge transport direction, and their molecular weights.
79
 
Therefore, careful control over the film morphology by judicious choice of solvent and 





(up to 0.1 cm
2
/V∙s) of P3HT NWs in which P3HT chains were packed normal to the NW 
axis. 
80
 Greenham et al. fabricated devices utilizing CdSe NRs and P3HT nanofibers by 
selecting high boiling solvents (e.g., 1,2,3-trichlorobenzene (TCB), thiophene, and 
chloroform for comparison).
81
 The PCE of hybrid solar cell prepared using TCB was 2.9% 
with a Voc of 0.62 V, a Jsc of 8.79 mA/cm
2
, and a FF of 0.5, while for the device made 
using chloroform, these numbers were 1.8%, 0.66 V, 6.12 mA/cm
2
, and 0.41, respectively. 
The increase in current density for the device fabricated by TCB showed clear evidence 
of self-organization of P3HT, which resulted in higher hole mobility due to the electron 
delocalization via the π-π interaction.
81
 Kim et al. introduced a simple yet robust doping 
strategy to increase the hole mobility of CPs (e.g., P3HT and PTB7).
82
 The charge-
transport regions were formed after infiltrating doping of a solution-processable 
vanadium oxide (s-VOx). The efficiency of ITO/TiOx/P3HT:PCBM/ PEDOT:PSS/Ag 
devices decreased from 3.13% to 1.36% when the thickness of photoactive layer 
increased from 120 nm to 420 nm. Quite intriguingly, the replacement of PEDOT:PSS 
with vanadium oxide s-VOx led to a PCE enhancement from 3.34% (at the thickness of 
photoactive layer of 120 nm) to 3.45% (420 nm).  
It is expected that the CP engineering strategy for enhanced hole mobility can 
also be applied to CP-NC nanocomposites for improved device efficiency of hybrid 
CP/NC solar cells.  
2.6. Summary and outlook 
In spite of recent progress in semiconductor organic/inorganic hybrid solar cells, 





yield devices with potentially improved performance, including the optimization of light 
absorption by harvesting NIR photons, the efficient exciton dissociation, and the 
improved charge carrier transport. To enhance light harvesting, low bandgap CPs have 
been designed and synthesized. Utilizing NIR absorbing inorganic NCs and incorporating 
plasmonic NCs can also lead to improved light absorption. Crafting intimate organic-
inorganic nanocomposites has emerged as an appealing strategy to enhance exciton 
dissociation as well as to prevent the aggregation of inorganic NCs. Although ligand 
exchange is the most versatile method to place functional groups on the NC surface, the 
grafting density of CPs on the NC surface is usually low due to the entropy loss of CPs. 
To overcome this problem, direct grafting of CPs and in-situ growth of NCs in the 
presence of CPs have been exploited to craft intimate contact between CPs and NCs, thus 
facilitating charge separation.  
Moreover, newly developed star-like block copolymer nanoreactor (i.e., template) 
strategy for a large diversity of nearly monodisperse plain, core/shell, and hollow NCs 
(e.g., PbTiO3, BaTiO3, TiO2, CdSe, Au, and Pt) with precisely controlled dimensions, 
compositions and architectures
23b
 can be further explored to create CP-NC 
nanocompsoites in which CPs and NCs are not only intimately contacted as in the 
abovementioned direct grafting and in-situ growth approaches, but also permanently 
linked to one another, thereby imparting the long-term stability of CP-NC 
nanocomposites for high-performance hybrid solar cells. Specifically, in star-like diblock 
copolymer nanoreactor approach, an amphiphilic diblock copolymers composed of inner 
hydrophilic and outer hydrophobic blocks were synthesized by sequential atom transfer 





block was grown by ATRP, a living polymerization technique, the molecular weight and 
molecular architecture of star-like diblock copolymer were well-defined. The preferential 
coordination reaction between functional groups of inner hydrophilic blocks and metal 
moieties of precursors yielded extremely uniform NCs closely and permanently tethered 
with outer hydrophobic blocks that render the superior solubility in non-polar solvents 
and long-term stability. By extension, an intimately linked CP and semiconductor NC can 
also be crafted by capitalizing on amphiphilic star-like coil-rod diblock copolymers (for 
example, star-like poly(acrylic acid)-block-poly(3-hexylthiophene) (PAA-b-P3HT)) as 
nanoreactors. Such   amphiphilic coil-rod diblock copolymers can be synthesized by 
click reaction of end-functionalized CP (e.g., ethynyl-functionalized P3HT) with star-like 
hydrophobic coil-like homopolymers containing complementary terminal functional 
groups (e.g., N3). The latter can subsequently be hydrolyzed into hydrophilic blocks in 
which their functional moieties (e.g., carboxyl group) provide the coordination sites to 
react with metal moieties of precursors of semiconductor NCs. This strategy may open an 
avenue to craft myriads of intimate and stable semiconductor organic-inorganic 
nanocomposites with well-controlled sizes and compositions for hybrid solar cells with 
improved device performance. It is noteworthy that similar strategy can also be employed 
to create CP-capped plasmonic NCs. The incorporation of such CP-functionalized 
metallic NCs in the photoactive layer of hybrid solar cells is expected to prevent (or 
largely reduce) the segregation of metallic NCs and improve the light harvesting 
efficiency.  
Regarding charge carrier transport, the control over the morphology of CP-NC 





bicontinuous pathways for both holes and electrons are regarded an ideal geometry for 
high efficiency, as they render the efficient charge transport and reduce the charge 
recombination. In particular, vertically aligned semiconductor CP-capped NRs formed by 
evaporative self-assembly may offer an opportunity for high-performance solar cells by 
providing vectorial charge transport and concurrently maximizing the interfacial areas of 
CP donors/NR acceptors. Furthermore, balancing carrier mobilities between CPs and 
NCs (i.e., increasing the hole mobility in the CP phase) is also the key to highly efficient 
solar cells as it reduces the charge accumulation in CPs. Several approaches have been 
developed to increase the hole mobility of CPs, for example by infiltrating doping as 
described above. Clearly, research on semiconducting CPs needs to be advanced, 
including tailoring their bandgaps and increasing their charge carrier mobilities. 
Moreover, interfacial control and engineering would also remain as an active area of 
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Conjugated polymers (CPs) have drawn considerable attention as promising 
materials in the field of solar cells, light-emitting diodes (LEDs), thin film transistors, and 
biosensors. Their advantageous properties such as lightweight, flexibility, and large area 
producibility open up new opportunities for easy and low-cost manufacturing of 
optoelectronic devices. Among various types of CPs, poly(3-hexylthiophene) (P3HT) is 
one of the most extensively studied semiconducting CPs owing to its solution-
processability, tailorable electrochemical properties, and high hole mobility. 
Semiconducting NCs exhibit tunable optoelectronic properties, including band gap, 
emission, and absorption range due to their quantum-confined nature, rendering them a 
wide range of applications in photovoltaic cells, tunable lasers and LEDs. Moreover, they 
possess high electron mobility, especially compared to that of CPs, thus are an appealing 





Organic/inorganic solar cells composed of semiconducting CPs and NCs are 
favorable alternative to inorganic solar cells due to the complementary advantages of 
NCs and CPs. However, hybrid cells prepared using simple physical blending between 
CPs and NCs suffered from several problems, including microscopic phase separation as 
well as the existence of insulating interfacial layer, thus limiting the performance of the 
resulting devices due to the poor charge transfer and transport from CPs to NCs or NCs to 
NCs. To address these problems, the chemical tethering of CPs onto the NC surface was 
introduced to achieve an excellent dispersion of NCs in the CP matrix as well as to 
promote the electronic interaction between these two semiconductors. Recently, P3HT-
CdSe NC nanocomposites prepared via click coupling of P3HT onto CdSe NC surface 
showed an excellent charge transfer from P3HT to CdSe in comparison to the simple 
physical mixture of P3HT/CdSe NC.  
In this study, we first aimed to craft P3HT-CdSe nanorod (NR) nanocomposites 
via a click chemistry utilizing bifunctional ligands (i.e., 4-bromobenzyl phosphonic acid 
and 4-bromomethyl benzoic acid). Although our previous work used 4-bromobenzyl 
phosphonic acid as bifuntional ligands, in the present study we discovered a synthetic 
route to CdSe NRs by utilizing 4-bromomethyl benzoic acid because of its ease of 
displacement of halide group (i.e., bromide) into azide group compared to 4-bromobenzyl 
phosphonic acid. Compared to QDs where multiple hopping process is required, the long 
axis of NRs provides continuous path way for carrier transport, which is advantageous. It 
is noteworthy that the device performance may be enhanced if the proper alignment of 
NRs can be achieved (i.e., vertical alignment of NRs to the substrate). Specifically, 





catalyst-free click chemistry. 4-bromomethyl benzoic acid (BrCH2-BA) and 4-
bromobenzyl phosphonic acid (Br-BPA) were employed as bifunctional ligands in this 
study as carboxylic acids and phosphonic acids are most widely used capping agent for 
CdSe NCs and their bromine moiety can be coupled with end-functionalized CPs. We 
then used P3HT-CdSe NR nanocomposites as an active layer to prepare hybrid 
bulkheterojunction solar cells. To this end, BrCH2-BA-functionalized CdSe NRs and Br-
BPA-capped CdSe NRs were prepared by hot injection method and bromine moiety of 
BrCH2-BA and Br-BPA were converted into azide group, yielding N3CH2-BA-
functionalized CdSe NRs or N3-BPA-capped CdSe NRs. Subsequently, synthesized 
ethynyl-terminated P3HT were grafted onto CdSe NR surface via click chemistry, 
producing P3HT-CdSe NR nanocomposites. The success of grafting was confirmed by 
Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance 
spectroscopy (
1
H NMR). The optical properties of P3HT-CdSe NR nanocomposits were 
explored with absorption and photoluminescence studies. Solar cell devices were 
fabricated by spin-casting the as-prepared P3HT-CdSe NR nanocomposites. The 




All chemicals, including 4-bromomethyl benzoic acid, 4-bromobenzyl bromide, 
triethyl phosphite, cadmium oxide, sodium azide, selenium powder, sodium azide, 2,5-





diethyl ether), and ethynylmagnesium bromide (0.5 mol/L in THF) from Sigma Aldrich, 
hexylphosphinic acid (HPA, 97%), tetradecyl phosphonic acid (TDPA,97%), octadecyl 
phosphonic acid (ODPA, 97%), stearic acid (SA, 97%), and tri-n-octylphophine (TOP, 
90%), from Alfa Aesar, and tri-n-octylphosphine oxide (TOPO, 90%) from Strem 
chemicals were used as received. THF (VWR, 99%) was refluxed over sodium wire and 
distilled from sodium naphthalenide solution. 
Synthesis of 4-bromobenzyl phosphonic acid (Br-BPA): Bifunctional ligand in 
this study was synthesized using Arbuzov reaction. 4-bromobenzyl bromide and triethyl 
phosphite at 1:2 molar ratio were heated under Ar at 150°C for 5 h, yielding 
diethylphosphonate ester. The excess triethyl phosphite and byproducts were removed by 
rotary evaporator at 100°C for several hours. Diethylphosphonate ester was hydrolyzed 
with concentrated aqueous HCl by heating at 100°C overnight, yielding 
bromobenzylphosphonic acid (BBPA). After cooling to room temperature, BBPA was 
filtered, redissolved in acetonitrile, and finally recrystallized in ethyl acetate. 
Synthesis of ethynyl-terminated poly(3-hexylthiophene) (P3HT): Ethynyl-
terminated P3HT (i.e., P3HT) was synthesized through a quasi-living Grignard 
metathesis (GRIM) method. 2,5-dibromo-3-hexylthiophene (0.815g, 2.5 mmol) was 
dissolved in anhydrous THF (5ml) in a round bottom flask (250 ml) and stirred under Ar. 
Subsequently, tert-butylmagnesium chloride (1.25ml, 2.5mmol) was added and then the 
mixture was stirred for 2 h at room temperature. After it was diluted with 25mL of 
anhydrous THF, the addition of Ni(dppp)Cl2 (56 mg, 0.1 mmol) was followed to initiate 





producing intermediate P3HT; it was then reacted with ethynylmagnesium bromide (2ml, 
1mmol) in THF for 30 min, yielding ethynyl-terminated P3HT (P3HT). The product 
was obtained by precipitating the reaction mixture in methanol, filtering in an extraction 
thimble, and washing by Soxhlet extraction with methanol, hexane, and chloroform 
sequentially. It was recovered after chloroform evaporated.  
Preparation of Br-BPA-capped CdSe NRs: Cadmium selenide (CdSe) NRs with 
approximately 5 nm in a diameter and 40 nm in a length capped with 4-
bromobenzylphosphonic acids (Br-BPA) were synthesized via hot injection technique by 
following the previous report. A mixture of 67 mg of Br-BPA, 333 mg of n-octadecyl 
phosphonic acid (ODPA) , 1.5g of trioctyl phosphine oxide (TOPO) , and 0.1 g of CdO 
was degassed at room temperature in vacuum and subsequently at 120°C for 60 min in a 
25 ml three-neck flask connected to a Liebig condenser. It was then heated under Ar 
slowly until the CdO decomposed, and the solution turned clear and colorless. Next, 0.7 
ml of TOP was added, and the temperature was further raised to 320 °C. Next, 36 mg 
selenium dissolved in 0.5 ml TOP was rapidly injected to the vigorously stirred Cd 
precursor and the NR was allowed for 5 min. The heating mantle was then removed to 
stop the reaction. After cooling the solution to 60°C, 2 ml THF were added to the flask. 
The Br-BPA-capped CdSe was isolated by repeated dissolution in THF and precipitation 
in methanol for three times. 
Preparation of BrCH2-BA -capped CdSe NRs: BrCH2-BA-functionalized CdSe 
NRs were synthesized by modifying from the previous study. 1 mmol of CdO, 0.5 mmol 





ODPA, and stearic acid), and 1.2 g of TOPO were placed in three neck flask. The mixture 
then degassed at 120°C for 60 min and was then heated to 300 °C under Ar to result the 
decomposition of CdO. After the solution became clear and colorless, 0.7 ml of 1M 
Se/TOP solution injected swiftly at 300 °C to initiate the nucleation and growth. Then 
heating mantle was removed to stop the reaction. When the solution cooled down to 60°C, 
2 ml of THF were added. The BrCH2-BA-capped CdSe NRs were purified by 
precipitation with the excess amount of methanol. For the study of the shape evolution of 
CdSe NCs under different molar ratio between BrCH2-BA and alkylphosphonic acid, the 
ratio of TDPA: BrCH2-BA was controlled to be 1:0, 3:1, 1:3, and 0:1. 
Grafting ethynyl-terminated P3HT onto CdSe NRs: Sodium azide (NaN3) was 
added to Br-BPA-capped CdSe NRs (or Br-CH2-BA-capped CdSe NRs) in THF solution. 
The mixture was then sealed and stirred at room temperature for three days. Excess 
amount of NaN3 was removed by centrifugation for three times. The resulting azide-
benzylphosphonic acid-capped CdSe NRs (N3-BPA-CdSe NRs) or azidomethyl benzoic 
acid (N3CH2-BA-CdSe NRs) were then precipitated with the excess amount of methanol. 
Subsequently, 50 mg of P3HT and 50 mg of N3-BPA-CdSe NRs (or N3CH2 -BA-CdSe 
NRs) were mixed in 20 ml THF and stirred at 65°C under Ar for two days. The final 
product (i.e., P3HT-CdSe NR nanocomposites by coupling  P3HT with N3-BPA and 
N3CH2 -BA) was cooled to room temperature and diluted 10 times with THF. The 
resulting solution was precipitated with methanol twice to remove uncoupled P3HT. 
Fabrication of photovoltaic devices: Photovoltaic devices were fabricated by 





etched with hydrochloric acid and zinc powder to pattern lines with a width of 0.5 cm in 
the center. Patterned ITO glasses were washed with acetone, methanol, and isopropanol, 
respectively, followed by drying with nitrogen flow. Subsequently,  PEDOT:PSS 
(Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)) layer of 40 nm thickness were 
spin-casted on oxygen plasma cleaned ITO glasses and annealed at 140 °C for 40 min in 
air. P3HT-CdSe NR nanocomposites dissolved in chloroform (or chloroform and 
chlorobenzene mixture) with a concentration of 30mg/ml were spin-coated, forming 
approximately 100~200-nm thick photoactive layer. For thermal annealing process, 
samples were annealed at 130 °C for 10, 15, and 20 min. The 100 nm of aluminum 
electrode was deposited with a thermal evaporator at 10
-6
 torr. All the fabrication was 
done in the inert atmosphere. Devices were characterized at 25 °C under AM1.5 
conditions. 
Characterizations: The morphology of CdSe NRs and P3HT-CdSe NR 
nanocomposites were characterized by low-resolution and high-resolution transmission 
electron microscopy (TEM) (JEOL 100CX, JEOL 4000EX, and Tecnai F30). For TEM 
sample preparation, the nanocomposite solution was dropped on the carbon TEM grid 
and dried in air. In order to confirm the occurrence of grafting between P3HT and N3-
BPA-CdSe NRs (or BrCH2-BA-capped CdSe NRs), the 
1
H NMR spectra (Varian VXR-
400 spectrometer) and Fourier transform infrared spectroscopy (FTIR) were examined. 






3.3. Results and discussion 
It has been reported that end-functionalized P3HT can successfully grafted onto 
[(4-bromophenyl)methyl]dioctylphsphine oxide (DOPO-Br) functionalized CdSe QD 
surface via Heck coupling between bromide group of NCs and vinyl moiety of CPs. 
Grafting of CPs onto NC surface can be an elegant means of achieving the intimate 
contact between two semiconductor constituent as well as excellent dispersion of NCs in 
CPs matrix. However, it was not a feasible to achieve anisotropic shape of NCs even at 
high monomer concentration owing to the nature of phosphine oxide ligands. Extremely 
rapid growth of NCs in phosphate at the high monomer concentration hindered the ability 
to adjust the monomer rate in the whole growth regime, thus resulting in primarily 
isotropic dot-like NCs. In contrast, phosphonic acid can not only effectively adjust the 
growth rate of NCs due to their stronger coordination with cadmium monomers than 
phosphine oxide but also bind selectively to (011̅0) or (112̅0) facets of CdSe NCs, 
leading to anisotropic growth of NCs.  
Taken together, CdSe NRs were prepared in the presence of phosphonic acid 
ligands with the bifunctional ligands containing both anchoring group for NCs and 
functional moiety for chemical coupling. Semiconducting CP-grafted CdSe NR 
nanocomposites were synthesized via catalyst-free click coupling between ethynyl 
functionality in CPs and azide group in CdSe NRs, with no need for ligand exchange 
process. In this study, 4-bromomethyl benzoic acid (BrCH2-BA) and 4-bromobenzyl 
phosphonic acid (Br-BPA) were employed as bifunctional ligands with alkylphosphonic 
acid (e.g., tetradecylphosphonic acid (TDPA)) as carboxylic and phosphonic acid group 





moiety can easily be utilized for coupling reaction. It should be noted that additional 
aliphatic phosphonic acid ligands (e.g., TDPA) was added in order to avoid the 
aggregation or uncontrolled shape of NCs by providing enough hindrance among NCs as 
well as to induce elongated growth of CdSe NCs as phosphonic acids were selectively  
 
Scheme 3.1. Grafting ethynyl-terminated P3HT (i.e., P3HT) onto (a) N3-BPA-
functionalized CdSe NRs, and (b) N3CH2-BA-functionalized CdSe NRs by catalyst-free 
click chemistry, yielding P3HTCdSe NR nanocomposites. 
 
bound to (011̅0) or (112̅0) facets. Specifically, Br-BPA (or BrCH2-BA)-capped CdSe NRs 
were prepared employing bifunctional ligands followed by azidation of bromine group 
into azide group (Scheme 3.1). Subsequently, ethynyl-terminated P3HT were grafted 
onto azide-capped CdSe NR surface via catalyst-free click chemistry between these two 
constituents. Semiconducting P3HT-CdSe NR nanocomposites with Br-BPA bifunctional 





CdSe NRs were prepared with the molar ratio of TDPA:BBPA of 4:1 to trigger 
anisotropic growth but to prevent the formation of branched structure which usually 
occurs when highly mobile and reactive monomers are used. The high-resolution TEM 
images revealed that CdSe NRs were 40 nm in length with a diameter of 5 nm and 
exhibited a good crystallinity (Figure 3.1a and 3.1b). The reason that CdSe NRs 
dispersed well was owing to the hindrance effect resulted from TDPA surfactant. The 
local weak aggregation was due to the self-assembly of Br-BPA capped CdSe NRs on the 
TEM grid during the solvent evaporation. 
 
Figure 3.1. TEM images of (a) Br-BPA-functionalized CdSe NRs, (b) close-up of 
individual Br-BPA-functionalized CdSe NRs, and (c) P3HT-CdSe NR nanocomposites in 
P3HT matrix. 
 
As illustrated in Scheme 3.1, the bromine end functional group of Br-BPA-
capped CdSe NRs converted to azide, resulting in N3-BPA-functionalized CdSe NRs. 
Subsequently, ethynyl-terminated P3HT was grafted onto N3-BPA-functionalized CdSe 
NRs via a catalyst-free click coupling of azide of N3-BPA with ethynyl end functionality 





NR nanocomposites can be readily dispersed in the P3HT homopolymer matrix (Figure 
3.1c). 
The success of grafting P3HT chains onto N3-BPA-capped CdSe NRs was 
confirmed by the Fourier transform infrared (FT-IR) spectroscopy study (Figure 3.2). 





, and 2850 cm
-1
 due to the asymmetric C-H stretching vibrations in –CH3, –CH2,  
 
Figure 3.2 FTIR spectra of Br-BPA-functionalized CdSe NRs (black), N3-BPA-
functionalized CdSe NRs (red), and P3HT-CdSe NR nanocomposites (blue).  
 
and the symmetric C-H stretching vibration in –CH2, respectively. Notably, the azide 
vibration characterization peak was appeared at 2040 cm
-1 
after the substitution of 





BPA capped CdSe NRs were washed with water for three times and extracted with 
organic solvent to completely remove residue NaN3. This peak was then completely 
disappeared when ethynyl-terminated P3HT was grafted onto N3-BPA-functionalized 
CdSe NR surface, clearly suggesting the success of click chemistry. 
The organic-inorganic hybrid bulkheterojunction (BHJ) solar cell devices were 
fabricated by utilizing P3HT-CdSe NRs nanocomposites as photoactive layer. The weight 
ratio between CdSe NRs and P3HT of P3HT-CdSe NR nanocomposites was 7:3 as 
determined by thermogravimetric analysis (TGA). The device structure was consist of 
ITO/PEDOT:PSS/P3HT-CdSe NR/Al as shown in Figure 3.3a. Specifically, oxygen 
plasma cleaned ITO glasses was spin-coated with PEDOT:PSS to improve the contact 
between PEDOT:PSS and P3HT-CdSe NR nanocomposites as well as to efficiently 
transport holes but to block electrons. Subsequently, as-synthesized P3HT-CdSe NR 
nanocomposites were dissolved in chloroform (CF) and chlorobenzene (CB) mixture at a 
concentration of 30mg/ml with CB of 20% by volume, and then spin-casted at 1200 rpm 
for 40 s on the PEDOT:PSS/ITO substrate without any further purification procedure. All 
the devices were annealed at 130 °C for 15 min in order to improve crystallinity of P3HT. 
The thickness of active layer was determined to be around 100 nm by AFM and 
profilometer. The resulting devices exhibited the power conversion efficiency (PCE) of 
0.01 % with a short circuit current density (Jsc) of 0.605 mA/cm
2
, an open circuit voltage 
(Voc) of 0.167 V, and a fill factor (FF) of 27.56 (Figure 3.3a). The morphology of P3HT-
CdSe NR nanocomposites film was examined using TEM as shown in Figure 3.3b. For 
the preparation of P3HT-CdSe NR nanocomposites film, the 40-nm thick P3HT-CdSe NR 





TEM grid. Obviously, it was observed that P3HT-CdSe NRs were dispersed well in P3HT 
matrix in spite of rather low performance of the resulting devices compared with 
previously reports in literature. Further studies on electronic properties of P3HT-CdSe 
NR nanocomposites film will be required, which the subject of future study. 
 
Figure 3.3. (a) J~V curve of photovoltaic device obtained at 1.5 AM illumination (the 
device configuration is shown in the inset). (b) TEM image of P3HT-CdSe NR 
nanocomposite film. 
 
In addition, BrCH2-BA-capped CdSe NRs were synthesized in the presence of 
additional aliphatic ligands (i.e., TDPA) as the size and shape of CdSe NCs cannot be 
well controlled when only BrCH2-BA ligands were utilized (Figure 3.5d). The effect of 
the type of anchoring group (i.e., aliphatic carboxylic acid and phosphonic acid) and alkyl 
chain length of phosphonic acid ligands on the CdSe NC shape was investigated. First, 
CdSe NCs were grown in the presence of aliphatic ligands (i.e., stearic acid (SA), 
hexylphosphonic acid (HPA), tetradecylphosphonic acid (TDPA), or 





ratio between aliphatic ligands and BrCH2-BA was 3:1 in all cases. When stearic acid 
(SA, aliphatic carboxylic acid ligands) was employed with BrCH2-BA, only spherical 
CdSe QDs were appeared (Figure 3.4a) regardless of the high mobile and reactive nature 
of BrCH2-BA ligands. This result was in stark contrast to the ODPA: BrCH2-BA system 
where anisotropic CdSe structure was observed although this ligand had the same number 
of carbon (i.e., 18 carbons) as SA. This can be attributed to the binding nature of ligands 
such as the nature of the interface between the NCs and the ligands and the binding 
energy of ligands with surface facets. In general, phosphonic acids are known to bind 
strongly with cadmium atoms compared to other anchoring ligands (e.g., phosphine, 
amine, and carboxylic acid), thereby effectively adjusting the growth rate of NCs during 
the whole reaction regime and thus enabling elongated growth of NCs by avoiding 
sudden depletion of monomer precursors at the early stage. More importantly, 
phosphonic acid is known to bind stronger to the (011̅0) or (112̅0) surfaces than to the 
(0001) and (0001̅) facets (c-axis direction).45 On the other hand, the binding energy of 
carboxylic acid with cadmium atoms was twice as small as that of phosphonic acid, thus 
resulted in more rapid growth of NCs, yielding usually larger spherical NCs instead of 
anisotropic NCs. 
Notably, the use of phosphonic acids (i.e., hexylphosphonic acid, 
tetradecylphosphonic acid, and octadecyl phosphonic acid) with BrCH2-BA (i.e., BrCH2-
BA: aliphatic phosphonic acid = 1:3) induced the anisotropic structure of CdSe NCs 
(Figure 3.4bcd). Interestingly, the use of HPA resulted in hyperbranched CdSe NCs 
instead of NRs because of the less stearic hindrance effect resulted from the short alkyl 





their longer chain counterparts (i.e., Cd-ODPA or Cd-TDPA). Utilization of both TDPA 
and ODPA ligands lead nanorod architecture as longer alky chains provided enough steric 
hindrance, and reduces mobility and reactivity of monomers even in the presence of 
BrCH2-BA, thus prohibiting branched structure which is usually triggered by stacking  
 
Figure 3.4. TEM images of CdSe NCs with different ligands with BrCH2-BA. (a) SA : 
BrCH2-BA = 3:1, (b) HPA : BrCH2-BA = 3:1, (c) TDPA : BrCH2-BA = 3:1, and (d) 





faults and twinning defects at the rapid reaction condition. Notably, phosphonic acid 
ligands with 18 carbons (i.e., ODPA) produced shorter nanorods compared to those 
prepared with tetradecylphosphonic acids (i.e., 14 carbons), which can be explained by 
the higher reactivity and mobility of Cd-TDPA than Cd-ODPA. 
In order to investigate the influence of the molar ratio between alkyl phosphonic 
acid and short bifunctional ligands on the shape of CdSe NCs, TDPA/BrCH2-BA system 
was selected and the ratio between them were controlled to be 1:0, 3:1, 1:3, and 0:1, 
respectively. TEM studies revealed that CdSe QDs were synthesized when only TDPA 
was utilized while the addition of short mobile ligands (i.e., BrCH2-BA) caused 
anisotropic or branched structures, depending on the molar ratio of TDPA and BrCH2-BA. 
However, uncontrolled shape was observed in the absence of TDPA (Figure 3.5d) 
because mobile and reactive nature of Cd-BA-CH2Br monomers resulted in faster growth 
and thus more susceptible to defects such as stacking faults or twinning defects, showing 
extensive branching. It is noteworthy that BrCH2-BA clearly played a significant role in 
determining the shape of NCs, which can serve as indirect evidence of the existence of 
BrCH2-BA ligands on CdSe NR surface.  
Semiconducting P3HT-CdSe NR nanocomposites based on BrCH2-BA 
bifunctional ligands were synthesized via click reaction (Scheme 3.1b). Similarly, the 
bromine end functional group of BrCH2-BA-capped CdSe NRs was converted to azide, 
resulting in N3CH2-BA-functionalized CdSe NRs and followed by grafting ethynyl-
terminated P3HT onto N3CH2-BA-functionalized CdSe NRs via a catalyst-free click 





nanocomposites. To confirm the conversion of bromine moiety into azide group in 
BrCH2-BA, 
1
H NMR spectra was examined. Specifically, BrCH2-BA (1mmol) was 
dissolved in THF and then stirred with sodium azide (NaN3, 2mmol) for 12 h, which was 
the same condition when BrCH2-BA capped CdSe NRs were converted into N3CH2-BA 
capped CdSe NRs. The characterization peaks from protons from benzene rings and –
 
Figure 3.5. Low-magnification TEM images of CdSe NCs at different molar ratio of 
BrCH2-BA to TDPA. (a) BrCH2-BA:TDPA=1:0, (b) BrCH2-BA:TDPA=1:3, (c) BrCH2-





CH2 near bromine adjacent to bromine moiety shifted to 4.53 ppm after converting 
bromine into azide (Figure 3.6b). The peaks at 7.90 and 7.53 ppm which can be assigned 
to the protons in a benzene ring were also shifted to 7.94 and 7.46 ppm, respectively, 




H NMR spectra of (a) BrCH2-BA and N3CH2-BA, (b) the close-up at 4.7 












The success of grafting P3HT chains onto N3CH2-BA-functionalized CdSe NRs 
was confirmed by the Fourier transform infrared (FT-IR, Figure 3.8) and 
1
H NMR 




, and 2850 cm
-1
 
were assigned to the asymmetric C-H stretching vibrations in –CH3, –CH2, and the 
symmetric C-H stretching vibration in –CH2, respectively, from the alkyl side chains in 
P3HT and ligands. Obviously, the characteristic -N3 vibration was appeared at 2040 cm
-1
 
after the bromine groups of BrCH2-BA-functionalized CdSe NRs were converted into 
azide groups, forming N3CH2-BA-functionalized CdSe NRs. This peak was then 
weakened after the N3CH2-BA-functionalized CdSe NRs coupled with ethynyl-  
 
Figure 3.8. FTIR spectra of BrCH2-BA-functionalized CdSe NRs (black), N3-CH2-BA-





terminated P3HT via 1,3-dipolar cycloaddition between ethynyl group and azide group, 
suggesting some fraction of N3CH2-BA ligands on CdSe NRs were still remain. It should 
be noted that a proton signal at 3.5 ppm from the ethynyl group on the P3HT chain was 
completely disappeared after click chemistry of P3HT with N3CH2-BA-functionalized 
CdSe NRs, although the 
1
H NMR sample was prepared without separating detached 
P3HT. On the basis of the disappearance of ethynyl peak at 3.5 ppm from 
1
H NMR and 
the existence of weakened azide peak at 2040 cm
-1
 from FTIR, it is clear that the amount 
of azide functional groups on the CdSe NR surface was enough to render the complete 
coupling of ethynyl groups on ethynyl-terminated P3HT. 
Photophysical properties of P3HT-CdSe NR nanocomposites, N3-CH2-BA 
capped CdSe NR, and ethynyl-terminated P3HT in THF were explored by UV-vis 
absorbance and photoluminescence (PL) studies spectroscopy as shown in Figure 3.9.  
 
Figure 3.9. (a) The absorption spectra of ethynyl-terminated P3HT (black), BBPA-
functionalized CdSe NRs (red), and P3HTCdSe NR nanocomposites (blue) prepared by 
click chemistry. (b) Emission spectra of ethynyl-terminated P3HT (black) and 





Obviously, the absorption of P3HT-CdSe NR nanocomposites showed the characteristic 
peaks from both constituents, with a 445-nm peak from P3HT and the absorption edge 
around 600 nm originated from CdSe NRs; this served as another evidence of the 
successful formation of nanocomposites. Notably, the nearly complete quenching of the 
emission of nanocomposites relative to the pristine P3HT homopolymer was observed, 
indicating the efficient charge transfer. 
The photovoltaic devices consisting of ITO/PEDOT:PSS/P3HT-CdSe NR/Al 
configuration were fabricated using P3HT-CdSe NR nanocomposites prepared by click 
coupling of ethynyl-terminated P3HT with N3CH2-BA-functionalized CdSe NRs in 
photoactive layer. PEDOT:PSS coated ITO substrate and Al electrode were used as 
cathode and anode to extract holes and electrons, respectively. The entire solar cell 
fabrication was conducted under an inert argon atmosphere to prevent undesired 
oxidation or degradation. For photoactive layer preparation, a spin-casting method was 
used as as-synthesized P3HT grafted CdSe NRs are expected to form a film with intrinsic 
nanoscale donor-acceptor integrated structure while keeping excellent dispersion of CdSe 
NRs in P3HT due to the advantageous properties of P3HT-CdSe NR nanocompsoties. 
The focus of our work in this thesis is to produce nanocomposites which are suitable for 
solution processable manufacturing of solar cells. First, the weight ratio between CdSe 
NRs and P3HT was optimized. P3HT-CdSe NR nanocomposites with the weight ratio of 
CdSe NRs of 50wt%, 70wt%, 80wt%, and 90wt% were prepared. It should be noted that 
the amount of N3CH2-BA molecules capped on CdSe NR surface was enough to render 
all the coupling of P3HT at the weight ratio of 50wt%. Figure 3.10 displays the current 





CdSe NR nanocomposites with the CdSe NR weight ratio of 50wt%, 70wt%, 80wt%, and 
90wt%. The devices fabricated with 80wt% of CdSe NRs exhibited the highest power 
conversion efficiency (PCE) of 0.012 % with a short circuit current density (Jsc) of 0.079 
mA/cm
2
, an open circuit voltage (Voc) of 0.433 V, and a fill factor (FF) of 33. As the  
 
Figure 3.10. Current-voltage characteristics of the hybrid solar cell devices fabricated 
with P3HT-CdSe NR nanocomposites at different weight ratios. 
 
amount of CdSe NRs increased (i.e., up to 80wt%), it showed the improved PCE and Jsc, 
which was possibly due to the enhanced electron transport as the electron hopping 
procedure was facilitated at the high fraction of electron donors (i.e., CdSe NRs). 





can be attributed to the agglomeration of CdSe NRs in P3HT matrix as the number of 
P3HT chains was not enough to render good dispersion of CdSe NRs in the polymer 
matrix. 
The performance of hybrid cells with P3HT/CdSe NRs physically blended and 
hybrid cells with P3HT-CdSe NR nanocomposites was compared and shown in Figure 
3.11. Specifically, 80wt% of N3-CH2-BA-capped CdSe NRs were blended with P3HT in 
chloroform/ODCB (20 volume% of ODCB) by vortex mixing, to yield CdSe NRs 
(80wt%)/P3HT simple physical mixture solution. Subsequently, devices using the 
P3HT/CdSe NRs solution and P3HT-CdSe NR nanocomposites (80 CdSe NR wt%) were 
fabricated. It is noteworthy that the use of high boiling point solvent led to significantly 
improved mobility of P3HT film due to their highly self-ordered microcrystalline 
structure formed during the retarded solvent evaporation. Moreover, thermal annealing 
process (130 °C/15 min) was followed to further enhance the crystallinity of P3HT. The 
PCE of devices with physical blending of CdSe NRs/P3HT was 0.012 % with a Voc of 
0.453 V, a Jsc of 0.079 mJ/cm
2
, and a FF of 33.0. Notably, the improved PCE of 0.0536 % 
(Voc=0.641 V, Jsc=0.307 mJ/cm
2
, and FF=27.2) at the same fabrication condition can be 
achieved probably because of improved contact between P3HT and CdSe NRs as 
reported from previous work done by our group. In order to achieve high hole mobility of 
the P3HT film by forming their crystalline structure, the annealing condition was 
optimized. Prepared hybrid cells with P3HT-CdSe NR nanocomposites were annealed at 
130 °C for 10 min, 15 min, and 20 min, respectively. The highest PCE of 0.0975% with a 
Voc of 0.596 V, a Jsc of 0.601 mJ/cm
2
, and a FF of 27.3 was obtained with the annealing 





reduced PCE of 0.0743% (Voc=0.645 V, Jsc=0.453 mJ/cm
2
, and FF=25.5) which was due 
possibly to the degradation of P3HT films. 
Despite of the promoted electronic interaction between CdSe NRs and P3HT, and 
improved dispersion of CdSe NRs in P3HT film of as-synthesized P3HT-CdSe NR 
nanocomposites, the device performance was not satisfactory when compared with  
 
Figure 3.11. Current-voltage measurement of the hybrid solar cell devices fabricated with 
P3HT/CdSe NR physical mixture and P3HT-CdSe NR nanocomposites. Thermal 






previous literature (PCE= ~2%). Hence, we hypothesized that the existence of alkyl 
ligands (i.e., TDPA) or N3-CH2-BA was the main obstacle for achieving excellent device 
performance. Hence, the experiment was designed to investigate the influence of  
 
Figure 3.12. AFM measurement on P3HT-CdSe NR nanocomposite films. (a,c) Tapping 
mode AFM height image and its corresponding phase image of P3HT-CdSe NR hybrid 
film without methanol treatment. (c,d) Tapping mode AFM height image and its 
corresponding phase image of P3HT-CdSe NR hybrid film after methanol treatment. z-





extra tetradecylphosphonic acid ligands or N3-CH2-BA on the device power conversion 
efficiency. Specifically, the devices fabricated using P3HT-CdSe NR nanocomposites 
were immersed in methanol solution to remove excess ligands (i.e., tetradecyl phosphonic 
acid or N3-CH2-BA). Figure 3.12 shows the atomic force microscopy (AFM) height and 
phase images of P3HT-CdSe NR nanocomposites film before and after methanol 
treatment. The hybrid layer showed no noticeable change in the surface topology and the 
root-mean square surface roughness, which remained at ~35nm. However, the PCE  
 
Figure 3.13. Current-voltage curves of the P3HT-CdSe NR hybrid solar cells with and 






improved from 0.0165 % to 0.0622 % after methanol treatment as shown in Figure 3.13, 
which can be attributed to the result of removal of excess tetradecyl phosphonic acid or 
4-azidomethylbenzoic acid through methanol treatment. This observation strongly 
suggested that the detrimental influence of fatty insulating ligands on the electron 
transport in the devices. 
3.4. Conclusion 
In this study, we have successfully crafted P3HT-CdSe NR nanocomposites via 
click chemistry between ethynyl group in P3HT and azide moiety in functionalized CdSe 
NRs, dispensing with need for ligand exchange process, by utilizing bifunctional ligands 
during the synthesis of CdSe NCs. The influence of the type of anchoring group, the ratio 
between aliphatic ligands and aryl ligands, and the length of alkyl chain of aliphatic 
ligands on the shape of CdSe NCs was investigated to provide guidelines for the 
optimization of CdSe NRs shape for a variety of future applications but not limited to 
photovoltaics. These parameters had a significant impact on the shape evolution of CdSe 
NCs. 
The grafting of ethynyl terminated P3HT with azide functionalized CdSe NRs were 
successful as confirmed by FTIR and 
1
H NMR. The complete disappearance of ethynyl 
peak and the weakened absorption of azide characterization peak clearly demonstrated 
the occurrence of coupling. Moreover, the weakened azide peak obviously suggested that 
the amount of N3CH2-BA molecules on the CdSe NR surface was enough to enable 
complete grafting of ethynyl-terminated P3HT. 





nanocomposites. The effect of weight ratio and annealing condition on the device 
performance was studied. Despite of the optimization of fabrication condition, the 
performance of resulting devices fabricated using our P3HT-CdS NR nanocomposites 
was rather low compared with other reports. From the correlation between the time for 
elimination of excess ligands and the device performance, it was speculated that excess 
ligands which is inevitable in the synthesis CdSe NCs with desired shape played 
significant role in electronic behavior of the resulting photoactive film. Nonetheless, this 
novel yet robust method for crafting CP-NC nanocomposites may offer opportunities in 











Reproduced with permission from Jaehan Jung, Xincahng Pang, Chaowei Feng, and 
Zhiqun Lin, “Semiconducting Conjugated Polymer-inorganic Tetrapods 




In comparison to quantum dots (QDs) in which hopping transport occurs, and 
nanorods (NRs) where the alignment of NRs perpendicular to the substrate may be 
necessary to realize the full potential of high electron mobility in QDs and NRs, tetrapods 
enable more effective charge transport due to their intrinsically three-dimensional 
structures. CdTe is an appealing inorganic semiconductor for inorganic solar cells due to 







 thereby improving the light harvesting efficiency by extending into the near-infrared 
(NIR) range. Clearly, the replacement of CdSe with CdTe renders the absorption of 
higher amount of solar radiation as CdSe only absorbs the UV and visible photons (i.e., 




Herein, we report a robust strategy to place P3HT onto the surface of CdTe 
tetrapods in the absence of ligand exchange. CdTe tetrapods carry great advantages over 





electrons and holes, while retaining their large interfacial area.
73, 83
 This can be attributed 
to their three-dimensional structure (four arms symmetrically emanating from the central 
core), which enables continuous charge transport pathway in the thin film regardless of 
their orientation.
1 The catalyst-free click reaction was employed to yield P3HTCdTe 
tetrapod nanocomposites. First, CdTe tetrapods were synthesized by utilizing a 
bifunctional ligand (i.e., 4-bromobenzyl phosphonic acid (BBPA) with phosphonic acid 
and aryl bromide at each end). The aryl bromide groups of BBPA were then transformed 
into azide groups, forming N3-functionalized CdTe tetrapods. Finally, ethynyl-terminated 
P3HT synthesized by a quasi-living Grignard metathesis (GRIM) method was grafted 
onto N3-functioanlized CdTe tetrapods through a catalyst-free alkyne-azide cycloaddition, 
yielding intimate P3HTCdTe tetrapod nanocomposites without introducing any metallic 
impurities, which could be detrimental to the photovoltaic device performance. The 
success of click reaction was confirmed by Fourier transform infrared spectroscopy 
(FTIR) and nuclear magnetic resonance spectroscopy (NMR). The number of P3HT 
chains tethered on the CdTe tetrapod surface was estimated by thermogravimetric 
analysis (TGA). The absorption and photoluminescence measurements suggested the 
intimate contact between P3HT and CdTe tetrapods. A nearly complete quench of P3HT 
emission in P3HTCdTe tetrapod nanocomposites was indicative of the efficient charge 
transfer from electron-donating P3HT onto electron-accepting CdTe tetrapods.  
4.2. Experimental 
All chemicals, including 4-bromobenzyl bromide, triethyl phosphite, cadmium 





hexylthiophene, Ni(dppp)Cl2, tert-butylmagnesium chloride (2mol/L in diethyl ether), 
and ethynylmagnesium bromide (0.5 mol/L in THF) from Sigma Aldrich, octadecyl 
phosphonic acid (ODPA, 97%) from Alfa Aesar, and tri-n-octylphosphine oxide (TOPO, 
90%) from Strem chemicals were used as received. THF (Fisher, 99%) was refluxed over 
sodium wire and distilled from sodium naphthalenide solution. 
Synthesis of bromobenzylphosphonic acid (BBPA): 4-bromobenzyl bromide and 
triethyl phosphite at 1:2 molar ratio were heated under Ar at 150C for 5 h, yielding 
diethylphosphonate ester. The excess triethyl phosphite and byproducts were removed by 
rotary evaporator at 100C for several hours. Diethylphosphonate ester was hydrolyzed 
with concentrated aqueous HCl by heating at 100C overnight, yielding 
bromobenzylphosphonic acid (BBPA). After cooling to room temperature, BBPA was 
filtered out, redissolved in acetonitrile, and finally recrystallized in ethyl acetate. 
Synthesis of BBPA-capped CdTe nanocrystals (NCs): BBPA-capped CdTe NCs 
were synthesized by modifying the reported method for CdTe NCs.
84
 In all experiments, 
the molar ratio of cadmium to phosphonic acid ligands (i.e., ODPA and BBPA) was set to 
1:1.8 while the BBPA/ODPA ratio was changed. A mixture of CdO (0.5 mmol), ODPA, 
BBPA, and TOPO (2 g) were degassed in a three-neck flask for 1 h at 120C before 
increasing the temperature under Ar to above 300C, at which the solution turned clear 
and colorless. Subsequently, 0.2 M Tellurium/trioctylphosphine (Te TOP) solution was 
prepared in the glove box. The temperature was decreased to 300C, and 0.5 ml Te TOP 
solution was rapidly injected to initiate the nucleation and growth. In addition to the 





times at the interval of 1 min (i.e., multiple injection method) to prepare CdTe tetrapod 
with longer arms. CdTe NCs were allowed to grow at 300C for 10 min. The heating 
mantle was then removed to stop reaction. After the solution was cooled to 60C, 2ml 
THF was added. The resulting BBPA-capped CdTe NCs were precipitated twice with 
methanol and dissolved in THF.  
Synthesis of ethynyl-terminated P3HT: Ethynyl-terminated P3HT (i.e., P3HT) 
was synthesized by a quasi-living Grignard metathesis (GRIM) method.
85
 Briefly, 2,5-
dibromo-3-hexylthiophene (0.815g, 2.5 mmol) was dissolved in THF (5ml) in a three-
neck flask and stirred under Ar. Tert-butylmagnesium chloride (1.25ml, 2.5mmol) was 
added. The mixture was stirred for 2 h at room temperature. Subsequently, it was diluted 
to 25mL with THF, followed by the addition of Ni(dppp)Cl2 (11.2 mg, 0.020 mmol). The 
resulting solution was stirred for 30 min at room temperature, producing intermediate 
P3HT; it was then reacted with ethynylmagnesium bromide (2ml, 1mmol) in THF for 30 
min. The product, P3HT, was obtained by precipitating the reaction mixture in 
methanol, filtering in an extraction thimble, and washing by Soxhlet extraction with 
methanol, hexane, and chloroform sequentially. It was recovered after chloroform 
evaporated. The regioregularity of P3HT was greater than 97%, as determined by 
1
H 
NMR. The number average molecular weight and polydispersity index (PDI) of P3HT 
were 50kDa and 2.2, respectively, as measured by gel permeation chromatography (GPC). 
Yield: 41.2 % 
Synthesis of P3HTCdTe tetrapod nanocomposites by click reaction: Sodium 





then sealed and stirred at room temperature for three days. Excess amount of NaN3 was 
removed by centrifugation. The resulting azide-benzylphosphonic acid-capped CdTe 
tetrapods (CdTeN3) were then precipitated with methanol. Subsequently, 50 mg 
P3HT and 50 mg CdTeN3 tetrapod were mixed in 10 ml THF and kept at 65C under 
Ar for two days. The final product (i.e., P3HTCdTe nanocomposites) was cooled to 
room temperature and diluted 10 times with THF. The resulting solution was precipitated 
with methanol twice to remove free P3HT which was not coupled with CdTe tetrapods. 
Characterization: The morphology of CdTe NCs and P3HTCdTe tetrapod 
nanocomposites were imaged by low-resolution and high-resolution transmission electron 
microscope (JEOL 100cx and Tecnai F30). The 
1
H NMR spectra were taken using a 
Varian VXR-400 spectrometer. The grafting density of P3HT chains on the CdTe tetrapod 
surface was determined by thermogravimetry analysis (TGA; TA Instrument TGA Q50) 
in nitrogen atmosphere. The temperature was increased to 800C at the rate of 5C/min. 
The absorption and emission spectra were recorded with a UV-Vis spectrometer (UV-
2600, Shimadzu) and a spectrofluorophotometer (RF-5301PC, Shimadzu), respectively. 
All samples were excited at λex = 445 nm and the emission were collected at λem > 500 
nm. 
4.3. Results and discussion 
CdTe NCs functionalized with bifunctional ligands were synthesized in the 
absence of ligand-exchange procedure. 4-bromobenzyl phosphonic acid (BBPA) was 





and they are powerful additive to control the branching and anisotropic growth.
84
 he 
effect of molar ratio of BBPA to octadecyl phosphonic acid (ODPA) on the shape of the 
resulting CdTe NCs was studied. As shown in Figure 4.1a, BBPA-functionalized CdTe 
QDs were produced at the BBPA/ODPA ratio of 1:7. As the ratio increased to 1:5, the 
anisotropic NCs including rods, dipods, and tripods were obtained (Figure 4.1b). More 
regular CdTe tetrapods were yielded at the BBPA/ODPA ratio of 1:4 (Figure 4.1c), which 
was due to the influence of small molecules (i.e., ligands) that triggered the twinning as 
well as anisotropic growth.
84
 Clearly, the higher the BBPA/ODPA ratio, the more 
branched and elongated CdTe NCs were observed (Figures 4.1a-c). In order to extend the 
length of each arm, the multiple injection method (i.e., 10 times in the present study) was 
used by simple replenishing Te (i.e., Te TOP solution) to the reaction solution at certain 
time interval.
45, 86
 Figure 4.1d shows the TEM micrograph of CdTe tetrapods with the 
increased size and aspect ratio as compared to those obtained from the single injection 
method (Figure 4.1c). 
The BBPA-functionalized CdTe tetrapods prepared by the multiple injection 
method (Figure 4.1d) were then utilized to synthesize P3HTCdTe tetrapod 
nanocomposites as these tetrapods have advantageous size and shape for use in hybrid 
solar cells as compared to other structures in Figures 4.1a-c. Given the typical thickness 
of hybrid solar cells ranging from 70 to 200 nm, the intrinsic three-dimensional structures 
of CdTe tetrapods are beneficial for efficient charge transport to the electrode in 
comparison to the corresponding QDs where electron hopping between particles would 
be required. The high-resolution TEM images revealed that CdTe tetrapods were 85±10 





the tetrapod morphology of CdTe NCs (Figure 4.2b). Interestingly, planar defects were 
observed in some arms of CdTe tetrapods (the inset in Figure 4.2b), which may be due to 
the effect of short ligand (i.e., BBPA).
84
 The formation of tetrapods can be rationalized 
according to the multiple-twin model.
84
 In multiple-twin model the arms grow from an  
Figure 4.1. Low-magnification TEM images of CdTe NCs at different molar ratio of 
BBPA to ODPA. (a) BBPA : ODPA = 1:7, (b) BBPA : ODPA = 1:5, and (c) BBPA : ODPA 
= 1:4 by single injection of Te TOP solution, and (d) BBPA : ODPA = 1:4 by multiple 
injections of Te TOP solution. 
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Figure 4.2. TEM images of (a) BBPA-functionalized CdTe tetrapods; (b) close-up of 
individual BBPA-functionalized CdTe tetrapod, the close-up of arm marked with a 
dashed circle is shown as inset; and (c & d) P3HTCdTe tetrapod nanocomposites.    
 
octahedral twinned wurtzite core, thus the number of arms depend on the types of twins 
in the core, which yield a distribution of the number of arms. The coexistence of rods, 
dipods, tripods, and tetrapods in Figure 4.1 and 4.2 suggested that tetrapods were grown 





phosphonic acid complex (i.e., Cd-BBPA and Cd-ODPA was formed as Cd
2+
 readily 
reacted with phosphonates. Cd-BBPA complex was much more mobile than the bulkier 
Cd-ODPA. As a result, the probability of yielding planar defects (i.e., twins) was 
increased in the presence of BBPA; this led to the formation of twinned core, and was 
responsible for the emergence of rods, dipods, tripods, and tetrapods.  
The P3HTCdTe tetrapod nanocomposites were subsequently synthesized via 
click reaction between ethynyl-terminated P3HT (i.e., P3HT) and azide-functionalized 
CdTe (i.e., CdTeN3) tetrapods after converting aryl bromine groups in BBPA-
functionalized CdTe tetrapods into azide groups as illustrated in Scheme 4.1. Figures 
4.2c & 4.2d showed the TEM images of P3HTCdTe tetrapod nanocomposites, where 
CdTe tetrapods were well dispersed in the nanocomposites. The success of grafting 
P3HT chains onto CdTeN3 tetrapods was confirmed by the Fourier transform infrared 





, and 2850 cm
-1 
were assigned to the asymmetric C-H stretching 
vibrations in –CH3, –CH2, and the symmetric C-H stretching vibration in –CH2, 
respectively,
87
 from the alkyl side chains in P3HT and ligands. Notably, the characteristic 
-N3 vibration was appeared at 2040 cm
-1 
after the aryl bromine groups of BBPA-
functionalized CdTe tetrapods were converted into azide groups, forming CdTeN3 
tetrapods. This peak was then disappeared after the CdTeN3 tetrapods coupled with 
P3HT, suggesting the successful grafting of P3HT chains onto the CdTe tetrapods (i.e., 
producing P3HTCdTe tetrapod nanocomposites; Figure 4.3) via 1,3-dipolar 






Scheme 4.1. Grafting ethynyl-terminated P3HT (i.e., P3HT) onto azide-functionalized 




Figure 4.3. FTIR spectra of BBPA-functionalized CdTe tetrapods (black), azide-








Figure 4.4. 1H NMR spectra of (a) ethynyl-terminated P3HT (i.e., P3HT), and (b) 
P3HTCdTe tetrapod nanocomposites. The peak between 3.5 and 4 ppm in (b) was 
assigned to the proton of –CH2 from CdTeBPAN3 tetrapods after grafting of 
CdTeBPAN3 tetrapods (i.e., CdTeN3 tetrapods) onto P3HT. 
 
It is worth noting that such coupling reaction was conducted in the absence of catalysts, 
thus circumventing the introduction of any metallic impurities, which may influence the 
performance of the P3HTCdTe-tetrapod-based photovoltaic devices. The 
1
H NMR data 
shown in Figure 4.4 also strongly supported the occurrence of grafting P3HT onto 
CdTeN3 tetrapods. A proton signal at 3.5 ppm from the ethynyl group on the P3HT 
chain (Figure 4.4a) was disappeared in P3HTCdTe tetrapod nanocomposites (Figure 
4.4b) after P3HT chain was coupled with CdTeN3 tetrapod. 
To determine the coverage of P3HT chains on the CdTe tetrapod surface, 
thermogravimetric analysis (TGA) was performed (Figure 4.5). BBPA-functionalized 





degradation of surface capping ligands (i.e., BBPA and ODPA), which was about 26% of 
BBPA-functionalized CdTe tetrapods (Figure 4.5a). TGA curve of ethynyl-terminated 
P3HT homopolymer (i.e., P3HT) (molecular weight = 50kDa) also revealed the onset 
of degradation in the temperature range of 400-450C, leaving behind a char-like yield of 
28% (Figure 4.5b). The mass reduction in P3HTCdTe tetrapod nanocomposites (i.e., 
the sum of grafted P3HT and ligands) in this temperature range was roughly 60% (Figure 
4.5c). Taken together, the weight ratio of P3HT to CdTe tetrapods was about 3.82:1. 
Based on the TEM images in Figure 4.2, the molecular weight of CdTe tetrapods was 
estimated to be 1.11x10
7
 g/mol. Thus, the molar ratio of P3HT chains to CdTe tetrapods 
was estimated to be approximately 800:1.  
The photophysical properties of P3HTCdTe tetrapod nanocomposites were 
explored by UV-vis absorbance and photoluminescence (PL) studies. The absorption 
spectra of ethynyl-terminated P3HT (i.e., P3HT), BBPA-functionalized CdTe tetrapods, 
and P3HTCdTe tetrapod nanocomposites in THF are shown in Figure 4.6a. The  
 
Figure 4.5. Thermogravimetry analysis (TGA) of (a) BBPA-functionalized CdTe 
tetrapods, (b) ethylnyl-terminated P3HT homopolymer, and (c) P3HT-CdTe tetrapod 




















Figure 4.6. (a) Absorption spectra of ethynyl-terminated P3HT (black square), BBPA-
functionalized CdTe tetrapods (red circle), and P3HTCdTe tetrapod nanocomposites 
(blue triangle) prepared by click chemistry. (b) Emission spectra of ethynyl-terminated 
P3HT (black square) and P3HTCdTe tetrapod nanocomposites (red circle). 
 























absorption maxima for P3HT and CdTe tetrapods were at 445 nm and 657 nm, 
respectively. Clearly, the absorption spectrum of nanocomposites was simply a sum of 
their constituents (i.e., two maxima in nanocomposites at 445 nm and 657 nm can be 
ascribed to P3HT and CdTe tetrapod, respectively), suggesting the successful coupling of 
end-functionalized P3HT and CdTe tetrapods. Figure 4.6b shows the PL spectra of 
P3HT and P3HTCdTe tetrapod nanocomposites in THF. Obviously, the nearly 
complete quenching of the emission of nanocomposites relative to the pristine P3HT 
homopolymer indicated the efficient charge transfer from electron-donating P3HT onto 
electron-accepting CdTe tetrapods. This observation further confirmed the intimate 
chemical contact between P3HT and CdTe tetrapods. 
 
4.4. Conclusions 
In summary, CdTe tetrapods were synthesized by multiple injections of the Te 
precursor. A simple strategy for semiconducting P3HTCdTe tetrapod nanocomposites 
was then explored by anchoring ethynyl-terminated P3HT onto azide-functionalized 
CdTe tetrapods via a catalyst-free click chemistry. The direct contact between P3HT and 
CdTe tetrapod enabled the good dispersion of CdTe tetrapods in nanocomposites. The 
success of click reaction was confirmed by FTIR and 
1
H NMR measurements. The molar 
ratio of P3HT chains to CdTe tetrapods was approximately 460:1. The absorption 
spectrum of P3HTCdTe tetrapod nanocomposites was the sum of the absorption spectra 
of P3HT and CdTe tetrapods. The nearly complete quenching in the emission of 





interface. These intimate semiconducting organic-inorganic nanocomposites may serve as 
promising materials, by improving optical absorption and electron transport owing to the 
incorporation of intriguing three-dimensional structures of CdTe tetrapods, for a wide 











Jaehan Jung, Ah-young Song, Young jun Yoon, Xincahng Pang, and Zhiqun Lin, 
“Semiconducting Conjugated Polymer-inorganic Tetrapods Nanocomposites for solar 
cells” (manuscript in preparation).  
 
5.1. Introduction 
In the previous two chapters, we have crafted P3HT-CdSe NR and P3HT-CdTe 
tetrapod nanocomposites, respectively, with no need for ligands exchange processes. 
However, this approach has several issues: 1) the existence of residue insulating ligands 
(i.e., TDPA) which was necessary to control the shape of NCs (e.g., the ratio between 
TDPA and Br-BPA (BrCH2BA) was 4:1) may hinder the charge transport in the active 
layer, and 2) achieving high-quality CdSe tetrapods was difficult. Indeed, their use in 
photovoltaics was not satisfactory due probably to the presence of residue insulating fatty 
ligands regardless of the much facilitated electronic interaction between P3HT and CdSe 
NRs. Moreover, it was not feasible to achieve high-quality CdSe tetrapods even at the 
high monomer concentration or high ratio of short mobile ligands. As tetrapods enable 
more efficient charge transport due to their intrinsic three-dimensional architecture, we 
explore the synthesis of P3HT-CdSe tetrapod nanocomposites in order to address issues 
mentioned above.  





via catalyst-free click chemistry as an active layer to produce hybrid bulkheterojunction 
solar cells. First, CdSe tetrapods with high selectivity were prepared by inducing 
elongated arms from CdSe zincblende seeds though the combination of the use of halide 
ligands, continuous precursor injection, and seed mediated growth. Subsequently, oleic 
acid (OA) capped CdSe tetrapods underwent inorganic acid treatment to completely 
remove insulating fatty ligands (i.e., oleic acid), followed by introducing 4-azidobenzoic 
acid or 5-bromovaleric acid a bifunctional ligand. Finally, ethynyl-terminated P3HT 
synthesized by a quasi-living Grignard metathesis (GRIM) method was grafted onto 
azide functionalized CdSe tetrapods via a catalyst-free alkyne-azide cycloaddition, 
yielding P3HT-CdSe tetrapod nanocomposites without employing any metallic impurities, 
which may possibly be detrimental to the device performance. The success of grafting 
was confirmed using Fourier transform infrared spectroscopy (FTIR) and nuclear 
magnetic resonance spectroscopy (NMR). The absorption and photoluminescence studies 
indicated the intimate contact between P3HT and CdSe tetrapods. Finally, P3HT-CdSe 
tetrapod hybrid devices were fabricated and optimized. 
 
5.2. Experimental 
All chemicals, including cadmium oxide, tri-n-octylphophine (TOP, 90%), 
selenium powder, sodium azide, 2,5-dibromo-3-hexylthiophene, Ni(dppp)Cl2, tert-
butylmagnesium chloride (2mol/L in diethyl ether), and ethynylmagnesium bromide (0.5 
mol/L in THF) from Sigma Aldrich, Fluoroboric acid (HBF4), N-Methylformamide 





octadecene (ODE, 90%), oleic acid (OA, 97%), Cetyl trimethylammonium bromide 
(CTAB) from TCI were used as received. THF (VWR, 99%) was refluxed over sodium 
wire and distilled from sodium naphthalenide solution. 
Preparation of injection solution: Cadmium oleate (Cd(OA)2) precursor solution 
was prepared by modifying previously reported work. 10 mmol of CdO, 7.8 ml of OA, 
6.2 ml of ODE, and 1 ml of TOP were mixed and heated to 280 C under Ar for 30 min. 
Once the solution became colorless and clear, the reaction was cooled down to 50 C, 
followed by addition of CTAB (0.14 mmol). Separately, the mixture of Se and TOP was 
heated at 200 C to yield transparent solution and then cooled down. 5 ml of TOPSe 
solution was added to the cadmium oleate precursor solution and stirred for 10 min. 
Synthesis of CdSe seeds with zinc blende structure: Zincblende CdSe QDs were 
synthesized by utilizing oleic acid as surfactants as reported elsewhere. First, the injection 
solution (i.e., 0.5M Cd(OA)2 solution was prepared as follows. CdO (5mmol), OA (5ml), 
and ODE (5ml) were placed in three neck flask and then heated to 120 C. Then Se 
powder and ODE were placed in three neck flask and heated up to 300C under Ar. After 
the solution became clear and transparent, 4 ml of 0.5M Cd(OA)2 precursor solution was 
injected to initiate the nucleation and growth. CdSe QDs were allowed to grow at 270C 
for 15 min. The heating mantle was then removed to stop reaction. 6 ml of ODE was 
added to the solution once the temperature became 70C. The resulting CdSe zinc blende 
solution was used without further purification. 





with 1.25 ml of OA, 0.75 ml of TOP, 10.5 ml of ODE, and 0.21 mmol of CTAB. The 
mixture was then heated to 260 C, where precursor solution was injected with the rate of 
0.4 ml/min for 50 min. The heating mantle was removed to stop the reaction and 5 ml of 
hexane was added at 70C. The excess amount of acetone were added and centrifuged to 
purify the resulting solution.  
 Surface modification of CdSe tetrapods with HBF4 and bifunctional ligands: 
50 mg/ml of oleic acid capped-CdSe tetrapods were dissolved in 5 ml of hexane. 0.5 ml 
of HBF4 (48wt% in H2O) and 5 ml of NMF were added to the CdSe tetrapods solution in 
hexane. The mixture was then shaken with vortex-mixing about 1 min. CdSe tetrapods 
were collected in the polar NMF phase, and oleic acid remained in the nonpolar hexane 
phase. The hexane phase containing oleic acid was discarded and 5 ml of hexane was 
added. Residue oleic acid in the NMF phase was washed out via vortex mixing. After 
three repeated washing procedures, the mixture was precipitated with an excess amount 
of acetone. The HBF4 treatment step was conducted for three times to completely remove 
oleate ligands. 
To modify bare CdSe tetrapods with bifunctional ligands, HBF4-treated CdSe 
tetrapods were precipitated with the excess amount of acetone and redispersed in a 
chloroform/5-bromovaleric acid or a THF/4-azidobenzoic acid to yield 5-bromovaleric 
acid-capped CdSe tetrapods or 4-azidobenzoic acid-functionalized CdSe tetrapods, 
respectively. The resulting bifunctional ligands-capped CdSe tetrapods solution was 
purified with chloroform/acetone or THF/acetone three times to remove remaining HBF4. 





CdSe tetrapods) were dispersed in chloroform (or THF). 
Synthesis of ethynyl-terminated P3HT: Ethynyl-terminated P3HT (i.e., P3HT) 
was synthesized by a quasi-living Grignard metathesis (GRIM) method.
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 Briefly, 2,5-
dibromo-3-hexylthiophene (0.815g, 2.5 mmol) was dissolved in THF (5ml) in a three-
neck flask and stirred under Ar. Tert-butylmagnesium chloride (1.25ml, 2.5mmol) was 
added. The mixture was stirred for 2 h at room temperature. Subsequently, it was diluted 
to 25mL with THF, followed by the addition of Ni(dppp)Cl2 (56 mg, 0.1 mmol). The 
resulting solution was stirred for 30 min at room temperature, producing intermediate 
P3HT; it was then reacted with ethynylmagnesium bromide (2ml, 1mmol) in THF for 30 
min. The product, P3HT, was obtained by precipitating the reaction mixture in 
methanol, filtering in an extraction thimble, and washing by Soxhlet extraction with 
methanol, hexane, and chloroform sequentially. It was recovered after chloroform 
evaporated.  
Synthesis of P3HTCdSe tetrapod nanocomposites by click reaction: Sodium 
azide (NaN3) was added to 5-bromovuleric acid-functionalized CdSe tetrapod THF 
solution, and then stirred at room temperature for three days, resulting in 5-azidovaleric 
acid-capped CdSe tetrapods. The excess amount of NaN3 was removed by centrifugation. 
The resulting 5-azidovaleric acid-capped CdSe tetrapods were then precipitated with 
methanol. Subsequently, 50 mg of P3HT and 50 mg of 5-azidovaleric acid-capped 
CdSe tetrapod were mixed in 10 ml THF and kept at 65C under Ar for two days. For 4-
azidobenzoic acid-functionalized CdSe tetrapods, they were directly grafted with ethynyl-





nanocomposites) was cooled to room temperature and diluted 10 times with THF. The 
resulting solution was precipitated with methanol twice to remove free P3HT which was 
not coupled with CdSe tetrapods. 
Fabrication of P3HT-CdSe tetrapods hybrid solar cells: Solar cells were 
fabricated as follows. ITO glasses were washed with acetone, methanol, and isopropanol 
sequentially, followed by oxygen plasma cleaning. Next, PEDOT:PSS (Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)) layer of 40 nm thickness were spin-
casted and annealed at 140 °C for 40 min in air. P3HT-CdSe tetrapod nanocomposites 
dissolved in chloroform (or chloroform and chlorobenzene mixture) with a concentration 
of 30 mg/ml were spin-coated, yielding approximately 100~200-nm thick photoactive 
layer. All samples were annealed at 130 °C for 15 min and 100 nm of aluminum electrode 
were deposited with a thermal evaporator at 10
-6
 torr. All fabrications were done in an 
inert atmosphere. Devices were characterized at 25 °C under AM1.5 conditions. 
Characterization: The morphology of CdSe NCs and P3HTCdSe tetrapod 
nanocomposites were studied by low-resolution and high-resolution transmission electron 
microscope (JEOL 100cx and Tecnai F30). The photophysical properties of CdSe 
tetrapods and P3HT-CdSe tetrapod nanocomposites were explored by a UV-Vis 
spectrometer (UV-2600, Shimadzu) and a spectrofluorophotometer (RF-5301PC, 
Shimadzu). All samples were excited at λex = 445 nm and the emission were collected at 
λem > 500 nm. The 
1
H NMR and Fourier transform infrared (FTIR) spectra were taken by 






5.3. Results and Discussion 
P3HT-grafted CdSe tetrapod nanocomposites were synthesized via catalyst-free 
click chemistry. The ability to chemically tether P3HT on the CdSe tetrapod surface can 
promote electronic interaction between these two semiconductors as well as a uniform 
dispersion of CdSe tetrapods in P3HT matrix. In this study, CdSe tetrapods were utilized 
as electron acceptor due to their excellent inherent carrier mobility and advantageous size 
and shape for the use in hybrid solar cells. Considering the typical thickness of hybrid 
cells (i.e., from 70 to 200 nm), the intrinsic three-dimensional structure of CdSe tetrapods 
is beneficial for efficient charge transport in photoactive layer compared to the 
corresponding QDs or NRs, where electron hopping among them is required. 
However, achieving high-quality CdSe or CdTe tetrapods is challenging as can be 
seen in Chapter 2 and 3. Especially for CdSe NCs, large fraction of nanorods or tripods 
were coexisted with tetrapods. Moreover, their shape was not well-controlled, possessing 
hyperbranched architecture at high concentration. Alivisatos and co-workers theorized 
that the formation of tetrapods is the result of nucleation of zinc blende particles, 
followed by surface-initiated growth of wurtzite arms.
88
 Hence, high tetrapod selectivity 
depends on the fraction of zinc blende nanoparticles and the selective growth of wurtzite-
only arms from zinc blende seeds. In case of CdTe, the cohesive energy difference 
between the two polymorphs (i.e., zinc blende and wurtzite) is sufficiently large (i.e., 
approximately 10 meV)
4
 to selectively initiate zinc blende seeds without appearance of 
wurtzite seeds, and small enough to allow the wurtzite phase to grow off the zinc blende 
nanoparticle surface. In contrast, the inherent small energy difference between its two 





selectivity of tetrapods. Indeed, in Chapter 3, while relatively high-quality CdTe tetrapods 
were achieved by simply increasing monomer concentration via utilizing short mobile 
ligands (i.e., Cd-BBPA), but attempts to produce high quality CdSe tetrapods was not 
successful through the simple tuning of the monomer concentration or the utilization of 
short mobile and reactive ligands as can be seen in Chapter 2. In this context, provoking 
elongated arms from zincblende CdSe QDs is an elegant mean of achieving high quality 
CdSe tetrapod architecture if several conditions are satisfied as follows: 1) obtaining pure 
or high fraction of zinc blended CdSe QD seeds, 2) enabling growth of arms from seeds 
in wurtzite phase, and 3) maintaining the monomer concentration in kinetic growth 
regime for the anisotropic growth.    
Taken together, in order to synthesize good quality of CdSe tetrapods with high 
selectivity, zincblende CdSe QDs were first prepared and then wurtzite arms were grown 
from the surface of zincblende seeds via a continuous precursor injection method in the 
wurtzite phase favorable condition. For preparation of zincblende CdSe QD seeds, oleic 
acids were employed as surfactants due to their stabilizing effect for zincblende structure. 
This enabled the formation of zincblende crystal structure even above 100 C despite 
CdSe wurtzite phase is dominant over zincblende above 100 C. However, it is worth 
noting that the later hindered the formation of wurtzite phase arms during injection 
regime, causing the poor selectivity of CdSe tetrapods. This can be addressed by the use 
of halide ligands as they selectively bind to cadmium atoms much stronger than oleic acid, 
thereby removing oleic acid effectively and allowing wurtzite phase formation. 





CdSe QD seeds via a continuous precursor injection method (CPI), where the precursors 
were injected successively into the seed solution (i.e., CdSe ZB QDs) in order to maintain 
the reaction condition in the kinetic growth regime for anisotropic growth of arms. In 
addition, the utilization of halide ligands triggered the formation of four wurtzite arms 
elongated from {111} facets of the zincblende seeds. Specifically, precursor solution 
containing halide ligands was continuously provided to zincblende CdSe seeds solution 
to maintain the high enough concentration to trigger anisotropic growth but below the 
nucleation limit to prohibit the additional formation of QDs. As noted above, halide 
ligands selectively binds to the (112̅0) and (101̅0) facets effectively than oleic acid, thus 
effectively replacing oleic acid. This in turn favored the wurtzite phase compared to the 
zincblende structure (i.e., WZ phase is favorable than ZB without OA), resulting in 
elongated arms in wurtzite phase from zincblende QDs as CPI method ensures high 
enough precursor concentration for anisotropic growth. The high-resolution TEM images 
(Figure 5.1) revealed that wurtzite four arms with a diameter of 7.56±0.23 nm and a 
length of 41±2 nm from zincblende CdSe seeds of a diameter of 5.12±0.16 nm grew 
successfully under these conditions. The advantage of the combination of continuous 
injection and the use of halide ligands lies in not only its high selectivity but also in its 
ease of tuning the arm length or diameter. For example, different size of CdSe tetrapods 
can be synthesized from same zincblende CdSe seeds (Figure 5.1a and 5.1b) simply by 
controlling the amount of injection volume. We controlled the injection time to be 10 min, 
50 min, and 90 min with fixed injection rate of 0.4 ml/min. The arm length was 
determined to be 10 nm (16 nm in total), 40 nm (65 nm in total), and 65 nm (94 nm in 





TEM studies. However, CdSe QDs was also existed with CdSe tetrapods, indicating that 
some CdSe QD seeds were not grown into tetrapods due possibly to the following 
reasons: 1) the rate and concentration of injection volume, 2) the amount of employed 
CdSe zincblende seeds, and 3) the reaction temperature. Although these conditions are 
interconnected, the number of CdSe zincblende QDs introduced as seeds was critical as it 
  
Figure 5.1. TEM images of (a) oleic acid-capped zinc blende CdSe QD seeds, (b) close-





significantly affected not only the number of halide ligands per CdSe seed surfaces but 
also the precursor concentration per QD surfaces. In this context, the impact of the 
number of seeds on the tetrapods selectivity was explored. Specifically, CdSe zincblende 
QD seeds with the concentration of 50μmol/L, 25μmol/L, and 5μmol/L were introduced, 
followed by the injection of 0.5 M Cd(OA)2 precursor solution at the rate of 0.4ml/min at  
 
Figure 5.2. TEM images of (a) oleic acid-capped zinc blende CdSe QD seeds, (b) close-
up of zinc blende CdSe QDs, (c, d) CdSe tetrapods grown from CdSe zinc blende seeds. 
 
 
Figure 5.3. TEM images of CdSe tetrapods prepared with the seed concentration of (a) 






260C for 50 min. The resulting tetrapods size was 30 nm, 45 nm, and 70 nm for the 
concentration of 50μmol/L, 25μmol/L, and 5μmol/L, respectively. Notably, QDs, dipods, 
and tripods were also coexisted with tetrapods when high seed concentration (i.e., 50 and 
25 μmol/L) was employed (Figure 5.3a and 5.3b), while the high fraction of CdSe 
tetrapods was obtained at the low seed concentration of 5μmol/L (Figure 5.3 c). This was 
because the flux of monomer reaching the QD surface may not be enough to trigger an 
anisotropic growth when the number of introduced seeds exceeded the certain threshold. 
Moreover, the high CdSe QD concentration reduced the number of halide ligands 
exposure to the CdSe surfaces, thereby retarding the elimination of OA ligands from 
cadmium atoms. This in turn impeded the facilitated phase transform from zincblende 
into wurtzite, resulting in zincblende seeds formation rather than the growth of wurtzite 
arms. 
 
Scheme 5.1. Grafting ethynyl-terminated P3HT onto azide-functionalized CdSe tetrapods 














In spite of the necessity of surfactants for the synthesis of well-controlled NCs, 
they hinder the electron transport especially when used in opto-electronic devices as we 
already demonstrated in Chapter 2. Thereby, insulating ligands (i.e., oleic acid) were then 
removed with inorganic acid treatment as the ligand exchange via inorganic acid 
treatment was an effective and robust route to completely removing unnecessary 
insulating molecules. Specifically, to modify the CdSe tetrapod surface with desired 
bifunctional ligands, a two-phase ligand exchange method using tetrafluoroboric acid 
(HBF4) was employed (Scheme 5.1). The mixture of HBF4 and polar solvent (i.e., NMF) 
and OA-capped CdSe tetrapods in nonpolar solvent (i.e., hexane) were vigorously shaken 
with vortex-mixing, resulting in the transfer of CdSe tetrapods from hexane phase to 
NMF phase. The transfer of CdSe tetrapods occurred because positive Cd atom sites are 
surrounded by BF4
- 
counter ions, which indicated the detachment of OA from CdSe 
surface. Upon the disappearance of the vibrational peaks from alkyl chains (2800~3000 
cm
-1
) in the FTIR spectra, the success of ligands exchange was confirmed (Figure 5.4). 




, and 2846 cm
-1
 
can be assigned to the asymmetric C-H stretching vibrations in –CH3, –CH2, and the 
symmetric C-H stretching vibration in –CH2, respectively, from alkyl chain of OA ligands. 
After the treatment of OA-functionalized CdSe tetrapods with HBF4, these peaks were 
disappeared, which was indicative of the complete removal of oleate ligands. 
Subsequently, 4-azidobenzoic acid or 5-bromovaleric acid were employed as bifunctional 
ligands since carboxyl acids at the one end can act as capping agents with CdSe NCs, and 
azide or bromine group at the other end can be utilized as the coupling group (Scheme 






Figure 5.4. FTIR spectra of as-prepared OA-capped CdSe tetrapods (blue), CdSe 
tetrapods treated with HBF4 (black), and N3-BA functionalized CdSe tetrapods after 
capping with 4-azidobenzoic acid (red), and 5-bromovaleric acid capped CdSe tetrapods 
(brown). 
 
redispersed in THF containing 4-azidobenzoic acid or 5-bromovaleric acid. The 




, and 2853 cm
-1
 from 4-azidobenzoic acids and 
5-bromovaleric acids then reappeared, which was indirect evidence of capping of 4-
azidobenzoic acid (or 5-bromovaleric acid) onto CdSe tetrapod surface. 
To further verify the ligand attachment to CdSe tetrapod surface, X-ray 





azidobenzoic acid, OA-capped CdSe tetrapods, and N3-BA-capped CdSe tetrapods were 
compared (Figure 5.5). Apparently, the peak maxima differed by about 0.6 eV. This shift 
can be explained by the difference in electron density of oxygen atoms resulted from the 
binding of 4-azidobenzoic acid ligands to CdSe surface, suggesting the success in 
capping ligands onto CdSe tetrapods.  
The resulting azide-functionalized CdSe tetrapods were then grafted with 
ethynyl-terminated P3HT via catalyst-free click chemistry, yielding P3HT-CdSe tetrapod 
nanocomposites (Scheme 5.1). Bromine moiety of 5-bromovaleric acid capped CdSe 
tetrapods were converted into azide group by stirring with sodium azide, forming 5-
azidovaleric acids-capped CdSe tetrapods. The success of grafting between two 
 
Figure 5.5. XPS spectra for O1s binding energies for 4-azidobenzoic acid (N3-BA, black 






semiconductor constituents was confirmed by FTIR and HNMR. Figure 5.6 compares 
FTIR spectra of bare CdSe tetrapods (i.e., BF4
-
 stabilized CdSe tetrapods), N3-
functionalized CdSe tetrapods (i.e., N3-BA capped CdSe tetrapods or N3-vul capped CdSe 





, and 2846 cm
-1
 were assigned to the asymmetric C-H stretching vibrations in –
CH3, –CH2, and the symmetric C-H stretching vibration in –CH2, respectively, from the 
alkyl side chains in P3HT and ligands. Obviously, the characteristic peak assigned to -N3 
vibration was appeared as well at 2040 cm
-1
 for both 4-azidobenzoic acids-functionalized 
CdSe tetrapods and 5-azidovaleric acids-capped CdSe tetrapods (N3-vul-capped CdSe 
tetrapods). This peak was then disappeared after the N3-BA-capped CdSe tetrapods (or 
N3-vul-capped CdSe tetrapods) coupled with ethynyl-terminated P3HT, substantiating the 
successful grafting of P3HT onto the CdSe tetrapods through 1,3-dipolar cycloaddition 
between ethynyl group in P3HT and azide group in N3-BA-functionalized CdSe tetrapods. 
The 
1
H NMR measurement (Figure 5.7) also strongly suggested the occurrence of 
grafting between P3HT and N3-BA capped CdSe tetrapods (or N3-vul capped CdSe 
tetrapods). A proton signal at 3.5 ppm from the ethynyl group on the P3HT chain end 
(Figure 5.7a) was not observed in P3HT-CdSe tetrapod nanocomposites after click 
coupling of P3HT with N3-BA-CdSe tetrapods or N3-vul-CdSe tetrapods as shown in 
Figure 5.7b and 5.7c, respectively. On the basis of the disappearance of azide peak at 
2040 cm
-1
 after click reaction between N3-BA-CdSe tetrapods (or N3-vul-CdSe tetrapods) 
and ethynyl-terminate P3HT, it is clear that the amount of ethynyl-terminated P3HT was 







Figure 5.6. FTIR spectra of HBF4 treated CdSe tetrapods (black), N3-BA functionalized 






H NMR spectra of (a) ethynyl-terminated P3HT and P3HT-CdSe tetrapod 
nanocomposites prepared by grafting P3HT with (b) N3-BA-CdSe tetrapods, and (c) N3-
val-CdSe tetrapods. The inset is the close-up of spectra at around 3.5 ppm. 
 
The optical properties of P3HT, CdSe TPs, and P3HT-CdSe TP nanocomposites 
were explored by UV-vis absorbance and photoluminescence (PL) spectroscopies. The 
absorption spectra of ethynyl-terminated P3HT, N3-BA-functionalized CdSe tetrapods, 





absorption maxima of P3HT and CdSe tetrapods were at 450 nm and 652 nm, 
respectively. Obviously, the absorption spectrum of the resulting P3HT-CdSe tetrapods 
nanocomposites was a simple superposition of their two constituents. The PL spectra of 
simple physical mixture composed of ethynyl-terminated P3HT, P3HT/CdSe tetrapods, 
and P3HT-CdSe tetrapod nanocomposites prepared by click chemistry were measured 
(Figure 5.8c). The physical blending of P3HT/CdSe tetrapods was prepared by simply 
mixing P3HT and N3-BA-functionalized CdSe tetrapods. The weight ratio of CdSe 
tetrapods and P3HT was set to be the same, and can also be determined from UV-vis 
spectra (Figure 5.8b). The quenching of the emission of both nanocomposites and 
physical blending relative to the pristine P3HT homopolymer were observed, indicating 
the efficient charge transfer from electron-donating P3HT onto electron-accepting CdSe 
tetrapods. Notably, the PL emission quenching of P3HT-CdSe tetrapod nanocomposites  
 
Figure 5.8. (a) Absorption spectra of ethynyl-terminated P3HT (black), N3-BA-
functionalized CdSe tetrapods (red), and P3HT-CdSe tetrapod nanocomposites (blue) 
prepared via click coupling. (b) UV-vis spectra of P3HT/CdSe tetrapod mixture (blue) 
and P3HT-CdSe tetrapod nanocomposties (red). (c) Photoluminescence spectra of 
ethynyl-terminated P3HT (black),  physical mixture of P3HT/CdSe tetrapod (red), and 






was more obvious than that of P3HT/CdSe tetrapod mixture with same weight ratio, 
corroborating the success of coupling between P3HT and CdSe tetrapods. This 
observation further confirmed the intimate contact between P3HT and CdSe tetrapods. 
Hybrid photovoltaic devices were fabricated utilizing as-prepared P3HT-CdSe 
tetrapods nanocomposites in photoactive layers. The influence of solvent, tetrapod size, 
and type of bifunctional ligands (i.e., 5-bromovaleric acid and 4-azidobenzoic acid) on 
the performance was examined. It is well-known that the use of high boiling point solvent 
promotes formation of highly self-ordered microcrystalline structures in P3HT, resulting 
in significantly improved mobility of P3HT film. This is because the retarded solvent 
evaporation in polymer matrix increases the available time for crystallization during the 
spin-coating process. In this context, the mixture of low boiling solvent chloroform (CF) 
and high boiling solvent chlorobenzene (CB) was employed as co-solvent for P3HT-CdSe 
tetrapod nanocomposites to control the crystallinity and thickness of film as they are 
good solvent for P3HT.  
To optimize the solvent ratio between CF and CB, P3HT-CdSe tetrapod 
nanocomposites prepared via click coupling of N3-valeric acid capped CdSe tetrapods 
and ethynyl-terminated P3HT were dissolved in the mixture of chloroform and 
chlorobenzene. The ratio of these solvents studied in this work was 100% CB, 30% CB, 
20% CB, and CF 100%. When only chloroform was used as solvent, the performance 
was 0.0591% with an open circuit voltage (Voc) of 0.659 V, a current density (Jsc) of 
0.278mJ/cm
2
, and a fill factor (FF) of 32.3. The increase of high boiling point solvent 





of 0.174%, a Jsc of 0.987mJ/cm
2
, a Voc of 0.624V, and a FF of 28.3). This was due 
possibly to the improved crystallinity of P3HT via slow evaporation of chlorobenzene. 
However, the decrease in overall performance was observed even at the chlorobenzene 
fraction of 0.3 which was owing to the poor solubility of nanocomposites in 
chlorobenzene. Moreover, further increase in chlorobenzene volume ratio led to the 
decreased PCE. Interestingly, the lowest PCE of 0.0216% (a Jsc of 0.128mJ/cm
2
, a Voc of 
0.590V, and a FF of 28.6) was observed when 100% CB was used. These values were 
even lower than those from  
 
Figure 5.9. Current-voltage characteristics of hybrid P3HT-CdSe tetrapod solar cells with 
different solvent ratio of chlorobenzene and chloroform. P3HT-CdSe tetrapods samples 






the devices fabricated using 100% CF (a PCE of 0.591%, a Jsc of 0.278mJ/cm
2
, a Voc of 
0.659V, and a FF of 32.3). On the basis of this result, it can be speculated that achieving 
excellent dispersion of NCs is of key importance as the lowered PCE was observed in 
spite of the improved crystallinity of P3HT. 
The influence of type of bifunctional ligands (i.e., 5-bromovaleric acid and 4-
azidobenzoic acid) on the device performance was explored. In this study, the 
performance of devices fabricated using P3HT-CdSe tetrapod nanocomposites prepared 
by coupling 5-bromovaleric acid and 4-azidobenzoic acid-functionalized CdSe tetrapods 
with P3HT were compared. 5-bromovaleric acid and 4-azidobenzoic acid were selected 
as bifunctional ligands because of the similarity of their length but the difference in their 
structure. It should be noted that aromatic molecules have better charge transport 
properties than aliphatic molecules. Notably, the hybrid P3HT-CdSe tetrapod 
nanocomposites based on 4-azidobenzoic acids exhibited enhanced PCE approximately 
as much as three times compared with those by 5-bromovaleric acids (Figure 5.10). For 
hybrid photovoltaic devices fabrication, all devices were fabricated using a solvent 
mixture containing 20 volume% CB in CF and underwent thermal annealing at 130 C 
for 15 min to improve crystallinity of P3HT. The highest performance of P3HT-CdSe 
tetrapods devices based on 5-bromovaleric acid was obtained when 65 nm CdSe 
tetrapods were utilized as acceptors. The PCE was 0.471% with a Jsc of 2.78mJ/cm
2
, a Voc 
of 0.659V, and a FF of 27.9. However, the use of 4-azidobenzoic acid resulted in a PCE 
of was 1.28% with a Jsc of 7.91mJ/cm
2
, a Voc of 0.585V, and a FF of 27.8 at the same 
fabrication condition. This demonstrated that aryl molecules are better than insulating 





P3HT-CdSe tetrapod nanocomposites prepared with different size of tetrapods 
either by employing 4-azidobenzoic acid or 5-bromovaleric acid were utilized to fabricate 
hybrid devices. Clearly, the PCE enhanced from 0.174% to 0.471% for 5-bromovaleric 
acid system (or from 0.567% to 1.28 % for 4-azidobenzoic acid system) as the size of 
CdSe tetrapods increased from 16 nm to 65 nm (Figure 5.10). This can be attributed to 
the facilitated charge carrier transport due to the extended arms of CdSe tetrapods, 
considering that the thickness of a photoactive layer was ~100 nm. However, the use of 
94-nm CdSe tetrapods decreased the performance of the resulting cells in spite of the 
advantageous size and shape of CdSe tetrapods. This was due to the 
 
Figure 5.10. Current-voltage characteristics of hybrid solar cell devices fabricated with 
P3HT-CdSe tetrapod nanocomposites by employing (a) 5-bromovaleric acid and (b) 4-
azidobenzoic acid. (c) Summary of device performance. The effect of CdSe tetrapod size 





aggregation of CdSe tetrapods in the P3HT matrix as the solubility of CdSe tetrapods 
decreased when their size increased. In order to investigate the behavior of P3HT-CdSe 
tetrapod (i.e., 94 nm in size) in P3HT polymer matrix depending on the weight ratio 
between P3HT and CdSe tetrapods, P3HT-CdSe tetrapod nanocomposites film of CdSe 
tetrapod weight fraction of 50% and 80% were prepared. TEM studies revealed that 
P3HT-CdSe tetrapod nanocomposites with 50 weight % of CdSe tetrapod were dispersed 
relative well in the P3HT matrix (Figure 5.11 a and 5.11b), while the increasing CdSe 
tetrapod weight fraction to 80% resulted in local agglomeration of CdSe tetrapods 
(Figure 5.11 c and 5.11d). This indicated that the amount of P3HT (20 weight %) was 
not enough to impart excellent dispersion of CdSe tetrapods in P3HT matrix. Despite 
excellent dispersion of CdSe tetrapods of 50 weight%, the devices didn’t provide 
reasonable performance, even lower than those by P3HT-CdSe tetrapod nanocomposites 
of 80 weight%. Thus, it can be speculated that the role of CdSe tetrapods in the device 
performance was significant. The morphology of P3HT-CdSe tetrapod nanocompsoites 
with the weight ratio of CdSe of 80% but the CdSe tetrapod size of 65 nm were examined 
by TEM as shown in Figure 5.11e and 5.11f. Obviously, the dispersion of small CdSe 
tetrapods (i.e., 65 nm in a size) in P3HT matrix was better than larger counterparts (i.e., 
94 nm in a size). This can be the possible explanation of improved PCE for P3HT-CdSe 
tetrapod nanocomposites with a tetrapod size of 65 nm compared to those with 94 nm 
CdSe tetrapods. Figure 5.12 shows AFM height and phase images of P3HT-CdSe 
tetrapod (94nm in a size and 80% of CdSe by weight) nanocomposites film. Notably, 
phase segregation (Figure 5.12a and 5.12d) appeared as also observed in the TEM 






Figure 5.11. TEM images of films prepared by (a,b) P3HT-CdSe tetrapod 
nanocomposites with the size of CdSe tetrapod of 94 nm and its weight fraction of 50%, 
(c,d) P3HT-CdSe tetrapod nanocomposites with the size of CdSe tetrapod of 94 nm and 
its weight fraction of 80%, and (e,f) P3HT-CdSe tetrapod nanocomposites the size of 







Figure 5.12. Morphologies of P3HT-CdSe tetrapod nanocomposites film. (a,d) Tapping 
mode AFM topographies and their corresponding phase images, (b,e) Close-up of CdSe 
tetrapods showing aggregated region, and (c,f) Close-up showing large domain area. Z-
scale is 100 nm and 50 nm for (a) and (b,c), respectively. 
 
5.12b and 5.12d) as well as the large domains with size of around 200 nm (Figure 5.12c 
and 5.12f) were observed, indicating the phase separation between P3HT and CdSe 
tetrapods. We note that the observation of bare CdSe tetrapod implied the detachment of 
P3HT probably because of the depletion force. A further investigation will be required to 








In summary, CdSe tetrapods were synthesized by CPI method through employing 
CdSe zincblende seeds, followed by surface modification with inorganic acid to 
effectively remove insulating ligands. A simple strategy for semiconducting P3HTCdSe 
tetrapod nanocomposites was then explored by coupling ethynyl-terminated P3HT with 
azide-functionalized CdSe tetrapods via a catalyst-free click chemistry. The success of 
click reaction was confirmed by FTIR and 
1
H NMR measurements and 
photoluminescence spectroscopy. The nearly complete quenching in the emission of 
nanocomposites than the simple physical mixture suggested the efficient charge transfer 
at the P3HT/CdSe tetrapod interface. Solar cells based on these P3HT-CdSe tetrapod 
nanocomposites were fabricated to investigate the effect of the types of bifunctional 
ligands and the size of tetrapods on the device performance. It was found that the use of 
aryl bifunctional ligands was more effective than aliphatic ligands in terms of improving 
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6.1. Introduction 
Although we have focused on the crafting of CP-NC nanocomposites, it is also of 
key importance to explore the synthetic route to NCs and characterize their intriguing 
properties. In this Chapter, the alternative route to CdSe/ZnS core/shell nanostructures for 
solar concentrators and LED applications was discussed. Semiconductor quantum dots 
(QDs) in the strong confinement regime possess size dependent optical and electronic 














solution processability owing to the presence of organic surfactants enables the easy 
incorporation of colloidal QDs into polymer or glass matrices, and thus paves a way for 
low-cost fabrication by serving as an ideal building block for optical devices. CdSe is an 
appealing inorganic semiconductor for optical application due to its optimum band gap 









instability of optical properties resulted from the surface dangling bonds which act as 
nonradiative recombination sites. In order to address this problem, surface dangling 
bonds of CdSe QDs can be reduced by employing organic passivation. Surface 
modification of CdSe QDs with organic surfactants results in enhance luminescence 
efficiency as well as improves the photo- and colloidal stability.
95
 However, the difficulty 
in covering all surfaces (i.e., anionic and cationic sites) with organic surfactant still leads 
to chemical degradation or photo-oxidation. In this context, inorganic surface passivation 
was introduced to cover all the surface of core QD efficiently, yielding core/shell 
architecture. For CdSe QDs, their surfaces were passivated either with ZnS or CdS to 
establish type I energy alignment system, where the band gap of CdSe lies within the 
band gap of shell material. 
Although the surface trapping can be easily suppressed through passivation (e.g., 
inorganic shells or ligands passivation)
96
, Auger recombination rate depends significantly 
on the size of CdSe nanocrystals.
8
 Hence, the utilization of bigger CdSe QDs or CdSe 
QDs with graded shell architecture can suppress Auger recombination rate which is non-
radiative recombination process.
97
 In this context, giant CdSe/CdSe core/shell QDs 
(CdSe/CdS g-QDs) were prepared via a successive ion layer adsorption and reaction of 
monolayers (SILAR) method and were extensively studied as such structure can reduce 
the surface trapping effect as well as suppress Auger recombination.
94, 97
 Moreover, they 
exhibit extensive “red shift” of emission peak which is indicative of extension of core 
wave function into the shell region (i.e., increasing the effective size of core).
97
 The first 
absorption peak of CdSe/CdS g-QDs is also suppressed due to the primary absorption 





engineered CdSe/CdS g-QDs with emission position across the entire visible range is 
limited as the band gap of CdS (i.e., 2.42 eV or 512 nm) exceeds the wavelength of blue 
light. Moreover, a commonly used SILAR method to prepare g-QDs requires several 
time-consuming successive steps to epitaxially deposit the desired shell materials, thus 
demanding an alternative facile and robust synthesis route. 
Herein, we report on a facile strategy to prepare highly luminescent CdSe/Cd1-
xZnxSe1-ySy/ZnS core/shell QDs with graded shell architecture. The passivation of 
chemical composition gradient Cd1-xZnxSe1-ySy shell on as-prepared plain CdSe QDs 
ensures the stability of the resulting CdSe/Cd1-xZnxSe1-ySy/ZnS QDs due to the alleviated 
lattice strain between CdSe and ZnS. Moreover, Stokes’ shift can be engineered by 
simply controlling the thickness of ZnS shell (i.e., red-shifted), which was not observed 
in conventional CdSe/ZnS QDs owing to their larger energy level mismatch.
98
 Notably, 
CdSe/Cd1-xZnxSe1-ySy/ZnS QDs are advantageous over CdSe/CdS giant QDs since larger 
bandgap of ZnS than CdS provides more tunability for emission position in the visible 
region. Specifically, plain CdSe QDs with desired emission peak were synthesized and 
then passivated with Cd1-xZnxSe1-ySy shell which has chemical composition gradient 
toward radial direction. This can be achieved by employing chemical reactivity difference 
in Zn and Cd precursors.
99
 Further increase of ZnS shell thickness via secondary injection 
of sulfur precursors resulted in larger Stokes’ shift as in giant CdSe/CdS QDs. The 
absorption and photoluminescence studies of CdSe/Cd1-xZnxSe1-ySy/ZnS core/shell QDs 
revealed the dependence of emission peak position on the ZnS shell thickness. The size 






All chemical, including cadmium oxide, selenium, sulfur, and zinc 
acetylacetonate from Sigma Aldrich, Octadecene, tetradecyl phosphonic acid (TDPA, 
97%), diethylzinc (ZnEt2), hexamethyldisilathiane ((TMS)2S), oleic acid (OA), and 
trioctyl phosphine (TOP, 90%) from Alfa Aesar, and trioctyl phosphine oxide (TOPO, 
90%) from Strem chemicals were used as received. All other organic solvents were 
purchased from VWR and used as received without further purification. 
Preparation of green emitting TDPA capped CdSe QDs: TDPA-capped CdSe 
QDs were synthesized according to literature.
100
 A mixture of CdO (51 mg), TDPA (223 
mg), and TOPO (3.777g) was degassed in a three neck flask for 1 hr at 120 C. The 
temperature was then increased to 320 C under Ar. Subsequently, 1M Se/TOP injection 
solution was prepared in a glovebox. After the solution turned clear and colorless, the 
temperature was set to 300 C and then 1ml of injection solution was introduced to 
initiate the nucleation and growth. The heating mantle was removed to stop reaction after 
CdSe QDs were allowed to grow at 300 C for 10 sec. 5 ml of hexane was added when 
the solution was cooled to 60 C. The resulting TDPA-capped CdSe QDs were 
precipitated with methanol twice and then re-dispersed in chloroform. 
Preparation of red emitting CdSe QDs: High quality OA-capped red emitting 
CdSe QDs were prepared by slightly modifying the reported method.
5a
 A mixture of CdO 
(1 mmol), OA (4 mmol), ODE (15 ml) were degassed in a three-neck flask for 1 hr at 
120C. After that temperature increased under Ar to 280 C, where solution turned 





initiate the nucleation and growth. The heating mantle was removed to stop reaction after 
5 min. Once temperature becomes 60 C, 5 ml of hexane was added. The resulting OA-
capped CdSe QDs were precipitated with methanol twice and then re-dispersed in desired 
solvent. 
Preparation of conventional CdSe/ZnS core/shell: CdSe/ZnS core/shell QDs 
were synthesized according to literature.
96b
 Diethylzinc (ZnEt2) and 
hexamethyldisilathiane ((TMS)2S) were used as Zn and S sources respectively. First, 0.2 
μ mol of TDPA-capped CdSe QDs were introduced as seed in 2g of HDA and 1g of 
TOPO and degassed at 120 C for 1 hr. After that, temperature was elevated to 220 C 
and 0.05 ml ZnEt2 and 0.15 ml of (TMS)2S dissolved in 1ml of TOP were injected 
dropwisely. The heating mantle was removed to stop reaction after 60 min. 
Preparation of CdSe/ZnS core/shell with chemical composition gradient: 0.1 
mmol of CdO, 4 mmol of Zn(acac)2, 5 ml of OA, and 15 ml of ODE were placed in a 150 
ml three neck flask. The mixture was degassed at 120C for 1hr. The temperature was 
then increased to 300C under Ar. Subsequently, injection solution (0.1 mmol of Se and 4 
mmol of S in 2 ml of TOP) was prepared in a glove box. After the solution turned 
transparent, the temperature was set to 250C for emission red-shift or 300C for 
emission blue-shift and 0.2 μmol CdSe core QDs were introduced. The prepared injection 
solution was added dropwisely. In order to change the shell thickness, 0.5 M S/TOP 
solution was added. The heating mantle was removed to stop reaction after 90 min. 
Characterization: The morphology of prepared CdSe QDs, CdSe/ZnS QDs, and 





microscope (Tecnai F30). The absorption and emission spectra were recorded using a 
UV-vis spectrometer (UV-2600, Shimadzu) and a spectrofluorophotometer (RF-5301PC, 
Shimadzu), respectively. 
 
6.3. Results and discussion 
CdSe/Cd1-xZnxSe1-ySy/ZnS core/shell QDs were synthesized by passivating ZnS 
shell with chemical composition gradient on the as-prepared CdSe QD core. The radial 
gradient shell was easily achieved by using the difference in chemical reactivity of 
cadmium and zinc precursors (i.e., Cd-oleate and Zn-oleate). Specifically, the weaker 
binding energy of Cd
2+
 with oleic acid than Zn
2+
 results in higher reactivity of Cd-oleate 
than Zn-oleate.
99, 101
 Hence, formation of CdSe or CdS is more favorable than ZnSe or 
ZnS, thus resulting in Cd1-xZnxSe1-ySy shell with gradual increase of Zn ratio over Cd. 
After Cd1-xZnxSe1-ySy QDs were prepared, ZnS shell was further passivated on  
 







Cd1-xZnxSe1-ySy QDs via secondary injection of sulfur precursors (i.e., Se/TOP), yielding 
CdSe/Cd1-xZnxSe1-ySy/ZnS QDs. The energy level of resulting CdSe/Cd1-xZnxSe1-ySy/ZnS 
QDs with chemical composition variation can be expected as the graded smooth 
alignment rather than sharp interface as in CdSe/ZnS QDs as depicted in Scheme 6.1. 
Especially, graded shell architecture can also reduce the lattice strain between CdSe and 
ZnS (i.e., 12%), otherwise, the interface strain which may occur and the trapping sites 
may accumulate dramatically with increasing shell thickness.
94
 
Optical properties of as-prepared CdSe/Cd1-xZnxSe1-ySy/ZnS QDs with chemical 
composition gradient shell and their comparison with conventional CdSe/ZnS QDs were 
explored by the absorption and photoluminescence measurements. In order to study the 
change in optical properties (i.e., the first absorption peak, emission peak, and QY), 
TDPA-capped plain CdSe QDs with the first absorption peak at 488 nm, emission peak at 
500 nm, emission FWHM of 29 nm, and QY of 2.2% were selected and passivated with 
the graded shell (i.e., Cd1-xZnxSe1-ySy/ZnS) or ZnS shell, respectively. After the 
passivation of CdSe QDs core with Cd1-xZnxSe1-ySy shell or ZnS shell, quantum yield 
enhanced (i.e., from 2.2% to 40% for CdSe/Cd1-xZnxSe1-ySy QDs, and from 2.2% to 36.7% 
for CdSe/ZnS QDs, respectively) due to the reduction in surface dangling bonds as 
reported elsewhere.
96
 The emission FWHM was maintained for both cases (i.e., around 
30nm) as highly monodispersed TDPA-capped CdSe QDs core were employed as seeds. 
The emission peak position for both CdSe/Cd1-xZnxSe1-ySy QDs and CdSe/ZnS QDs was 
shifted from 499 nm to 515 nm. This can be attributed to the increase in CdSe core size 
during the reaction due to the residue cadmium and selenium precursors.
96b
 The change in 





diameter indeed increased from 2.31±0.06 nm to 4.43±0.16 nm (Figure 6.2a and 6.2b), 
clearly indicating the successful  Cd1-xZnxSe1-ySy shell passivation. 
The thickness of ZnS shell was further increased to examine the evolution in emission 
and absorption properties of CdSe/Cd1-xZnxSe1-ySy/ZnS QDs compared to those of 
traditional CdSe/ZnS QDs. Notably, the emission peak was further red-shifted (i.e., up to 
550 nm) and first absorption peak was greatly suppressed, which was in sharp contrast to 
conventional CdSe/ZnS QDs without gradient shell (Figure 6.1 and Table 6.1). 
Specifically, when CdSe/Cd1-xZnxSe1-ySy QDs were passivated with ZnS shell, yielding 
CdSe/Cd1-xZnxSe1-ySy/ZnS QDs, the emission peak shifted from 515 nm to 543 nm. 
Increased ZnS shell thickness resulted in a further shift of emission position up to 550 nm. 
This was due possibly to the extended electron wave function into whole CdSe/Cd1-
xZnxSe1-ySy/ZnS QDs owing to the graded energy level alignment (Scheme 6.1), which is 
usually observed in CdSe/CdS QDs system since the energy level offset between CdSe 
and CdS is shallow.
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 Meanwhile, the principal absorption onset of CdSe/Cd1-xZnxSe1-
ySy/ZnS QDs was at around 400 nm, which was indicative of the ZnS bulk band gap. In 
contrast, the emission peak of CdSe/ZnS QDs remained at the same position (i.e., around 
517 nm) regardless of the increased ZnS shell thickness. Traditional CdSe/ZnS QDs with 
different shell thickness as a control group were also prepared by simply changing the 
reaction time from 10 min to 90 min and the size of CdSe/ZnS QDs after a 90-min 
reaction was around 6.5 nm. Even CdSe/ZnS QDs with a diameter of 6.5 nm which 
corresponds to 7 monolayers of ZnS shell  didn’t exhibit the red-shift of emission peak. 
We note that a monolayer of ZnS is assumed to be the distance (i.e., 3.1 Å ) between 
















The sizes of CdSe QD core and the graded shell-covered CdSe/Cd1-xZnxSe1-
ySy/ZnS QDs were observed by TEM. CdSe core with 2.31±0.06 nm in diameter grew 
into CdSe/Cd1-xZnxSe1-ySy QDs with 4.43±0.16 nm in diameter after passivation with 
Cd1-xZnxSe1-ySy shell, indicating the successful surface passivation. The secondary 
injection of sulfur precursors led to the increase of the ZnS shell thickness, resulting in  
 
Figure 6.2. TEM images of (a) CdSe core QDs, (b) CdSe/Cd1-xZnxSe1-ySy QDs, (c) 
CdSe/Cd1-xZnxSe1-ySy/ZnS QDs (reacted for 30 min), and (d) CdSe/Cd1-xZnxSe1-ySy/ZnS 





CdSe/Cd1-xZnxSe1-ySy/ZnS QDs with a diameter of 5.96±0.24 nm, and eventually reached 
up to 8.35±0.35 nm as can be seen in Figure 6.2. The as-prepared CdSe/Cd1-xZnxSe1-
ySy/ZnS QDs also possessed high crystallinity. The increased diameter of QDs suggested 
the successful passivation of ZnS shell as well as possibly supported the delocalization of 
electron wave function in the whole CdSe/Cd1-xZnxSe1-ySy/ZnS QDs, considering their 
emission red-shift, which was not observed in conventional CdSe/ZnS QDs without the 
compositional gradient due to the large energy mismatch between CdSe and ZnS. 
Therefore, larger Stokes’ shift in CdSe/Cd1-xZnxSe1-ySy/ZnS QDs compared to CdSe/ZnS 
QDs can be attributed to the increased effective core size through careful energy level 
engineering which enabling electron wave function extension into whole core/shell QDs 
while it was confined in CdSe QD core in the case of traditional CdSe/ZnS QDs. 
Notably, CdSe/Cd1-xZnxSe1-ySy/ZnS QDs exhibited improved photoluminescence 
stability under UV exposure as shown in Figure 6.3. After 60 min exposure to UV 
irradiation under air, the PL decayed only about 5% for chemical compositional 
CdSe/Cd1-xZnxSe1-ySy/ZnS QDs, while the PL of conventional CdSe/ZnS QDs prepared 
with air-sensitive diethylzinc decreased up to 80%. It should also be noted that CdSe/Cd1-
xZnxSe1-ySy/ZnS QDs with gradient chemical composition were prepared using stable 
chemicals (i.e., Zinc acetate and sulfur powder). This is in contrast to conventional 
CdSe/ZnS QDs where reactive air-sensitive chemical is used (i.e., diethyl zinc and 
hexamethyldisilathiane). In this context, we have prepared CdSe/ZnS QDs without 
chemical composition gradient but using zinc acetate and sulfur powder in order to study 
if the improvement was resulted solely from chemical composition gradient. Intriguingly, 





red-emitting CdSe/ZnS QDs were used in this study to minimize the impact form the 
surface area/volume ratio as CdSe/Cd1-xZnxSe1-ySy/ZnS QDs had relatively bigger size 
than conventional CdSe/ZnS QDs (Figure 6.3). The improved photo-stability of 
CdSe/Cd1-xZnxSe1-ySy/ZnS QDs was due possibly to the relieved strain between CdSe and 
ZnS though the gradient structure, which enabled the enhanced surface capping of CdSe 
QD core. Otherwise, the intrinsic large lattice mismatch (~12%) would generate 
uncapped region of CdSe QD core.  
 
Figure 6.3. Normalized photoluminescence of conventional CdSe/ZnS QDs prepared by 
air-sensitive chemical (black) and stable chemicals (blue), and CdSe/Cd1-xZnxSe1-ySy/ZnS 
QDs with chemical composition gradient prepared with stable chemicals (red), upon 






It is worth noting that CdSe/Cd1-xZnxSe1-ySy/ZnS QDs prepared at higher 
temperature (i.e., at 300C) showed a blue-shift in emission peak (λem) (Figure 6.4a). 
When green-emitting CdSe QD core (λem=521 nm) was reacted with Cd, Zn, Se, and S 
precursors at 300C for 10 min, the emission peak was blue-shifted from 521 nm to 518 
nm. After reaction for another 90 min at 300C with a secondary injection of sulfur, the 
emission position further shifted up to 513 nm regardless of the increase in diameter of 
the resulting CdSe/Cd1-xZnxSe1-ySy/ZnS QDs (i.e., 9.46±0.25 nm, Figure 6.4b). The 
resulting QDs exhibited pyramid-like shape which is commonly occurred when the fast 
reaction condition was utilized either by high precursor concentration or high 
temperature.
23b, 88b
 This emission peak blue-shift regardless of increased QD size 
indicated that the electron wave function cannot be extended into whole  
 
Figure 6.4. (a) Photoluminescence spectra of CdSe/Cd1-xZnxSe1-ySy/ZnS QDs prepared at 
300C. (b) TEM image of CdSe/Cd1-xZnxSe1-ySy/ZnS QDs after reaction at 300 C for 90 






CdSe/Cd1-xZnxSe1-ySy/ZnS QDs, unlike those prepared at 250 C due possibly to the 
sharp energy level interface between CdSe and ZnS. It is also likely that the intradiffusion 
of Zn, Cd, Se, and S elements in QDs was facilitated at elevated temperature, and thus 
resulting in the alloying of CdSe QD core and increasing their band gap.
102
 
The advantage of CdSe/Cd1-xZnxSe1-ySy/ZnS QDs over CdSe/CdS QDs lies in the 
fact that core/shell QDs with emission across the entire visible range can be prepared due 
to the larger bulk band gap of ZnS (i.e., 3.54eV or 350 nm) compared to that of CdS (i.e., 
2.42eV or 512 nm). However, this is limited in case of CdSe/CdS QDs system as the 
wavelength below 512 nm will be absorbed by CdS shell. Hence, careful control over the 
thickness and composition in graded shell may lead to blue- or green-emitting core/shell 
QDs with the suppressed reabsorption via larger Stokes’ shift as the principal absorption 
onset for ZnS shell was below blue wavelength (i.e., 350 nm). Indeed, CdSe/Cd1-xZnxSe1-
ySy/ZnS QDs having different emission range with suppressed reabsorption can be 
prepared by simply utilizing CdSe core with different size (Figure 6.5). Specifically, 
plain green-emitting CdSe QDs of 2.31±0.06 and 2.5 nm (calculated from the first 
absorption peak (λ1st abs = 520 nm) of CdSe QDs
95
) were utilized as seeds to synthesize 
green- and yellow-emitting CdSe/Cd1-xZnxSe1-ySy/ZnS QDs, respectively. CdSe QDs with 
diameter of 4.1 nm (calculated from λ1st abs = 588 nm) were used to prepare red-emitting 
CdSe/Cd1-xZnxSe1-ySy/ZnS QDs. The diameter of the resulting green, yellow, and red 
QDs obtained from TEM analysis (Figure 6.6) were 8.35±0.25, 8.54±0.28, and 






Figure 6.5. Absorption and photoluminescence spectra of as-prepared green-, yellow-, 
and red- emitting CdSe/Cd1-xZnxSe1-ySy/ZnS QDs. 
 
 
Figure 6.6. High-resolution TEM images of (a) green-, (b) yellow-, and  (c) red-







In summary, Cd1-xZnxSe1-ySy/ZnS shell was passivated on CdSe QD surface in a 
one-pot process. The resulting QDs have tunable Stokes’ shift as well as suppressed 
resorption through the control over the shell thickness. QDs with the emission in visible 
range and suppressed the first absorption can be achieved owing to the larger band gap of 
ZnS shell (the principal absorption onset of 400 nm). The dependence of the change in 
Stokes’ shift and suppressed first absorption on the shell thickness in CdSe/Cd1-xZnxSe1-
ySy/ZnS QDs architecture was studied by UV-vis and PL spectroscopies and compared 
with conventional CdSe/ZnS QDs system. Unlike CdSe/ZnS QDs due to the continuous 
energy level change from CdSe to ZnS, the large red-shift of emission peak in CdSe/Cd1-
xZnxSe1-ySy/ZnS QDs was indicative of electron wavefunction delocalization in whole 
QDs. These Stokes’ shift engineered CdSe/Cd1-xZnxSe1-ySy/ZnS QDs may serve as 












In this thesis, we developed robust synthetic routes to crafting CP-NC 
nanocomposites with the intimate contact between these two semiconducting constituents. 
These CP-NC nanocomposites were then employed as a photoactive layer in hybrid solar 
cells. 
We have successfully prepared P3HT-CdSe NR nanocomposites via click 
chemistry between alkyne-terminated P3HT and azide-functionalized CdSe NRs, with no 
need for ligands exchange. Bifunctional ligands (i.e., BBPA or BrCH2-BA)-capped CdSe 
NRs were synthesized by precisely controlling the ratio between alkyl phosphonic acid 
ligands and short mobile bifunctional ligands to trigger the anisotropic growth. The ratio 
of these two ligands played significant role in controlling the shape of CdSe NCs due to 
the higher reactivity and mobility of Cd-BBPA (or Cd-BA-CH2Br) complexes compared 
to Cd-ODPA complexes. Similarly, cadmium telluride (CdTe) tetrapods were synthesized 
via multiple injections of the Te precursor by utilizing bifunctional ligands. Subsequently, 
tetrapod-shaped semiconducting inorganic-organic nanocomposites (i.e., P3HTCdTe 
tetrapod nanocomposites) were produced by directly grafting conjugated polymer 
ethynyl-terminated poly(3-hexylthiophene) (i.e., P3HT) onto azide-functionalized 
CdTe tetrapods (i.e., CdTeN3) via a catalyst-free click chemistry. The intimate contact 





nanocomposites, and facilitated their efficient electronic interaction. The success of 
coupling reaction was confirmed by Fourier transform infrared spectroscopy and nuclear 
magnetic resonance spectroscopy. The grafting density of P3HT chains on the CdTe 
tetrapods was estimated by thermogravimetric analysis. The photophysical properties of 
P3HTCdTe tetrapod nanocomposites were studied using UV-Vis and photoluminescence 
spectroscopies. These intimate semiconducting conjugated polymer-tetrapod 
nanocomposites may offer a maximized interface between conjugated polymers and 
tetrapods for efficient charge separation, and enhanced charge transport regardless of 
their orientation for potential application in hybrid solar cells with improved power 
conversion efficiency. However, photovoltaic devices based on P3HT-CdSe NR 
nanocomposties exhibited rather low performance compared with other studies. We 
speculated that it was due possibly to the presence of residual insulating fatty ligands. 
This observation led to the exploration of inorganic acid treatments of NCs as follows. 
P3HT-grafted CdSe tetrapods were successfully crafted by catalyst-free click 
coupling between azide-functionalized CdSe tetrapods and ethynyl-terminated P3HT 
after the surface modification of CdSe tetrapods through inorganic acid treatment. These 
intimate semiconductor P3HT-CdSe tetrapod nanocomposites was found to efficiently 
transfer electron from electron donating P3HT to electron accepting CdSe tetrapods as 
evidenced by photoluminescence measurement. Intriguingly, P3HT-CdSe tetrapod hybrid 
devices exhibited an improved performance compared to those devices fabricated without 
inorganic acid treatment, signifying the importance of the removal of residual insulating 
ligands which hindered charge carrier transport. The effects of the size of CdSe tetrapods 





performance were examined. Comparing 4-azidobenzoic acid with 5-bromovaleric acid 
bifunctional ligands, solar cells based on 4-azidobenzoic acid showed noticeably better 
performance, suggesting the effective charge transfer from molecules containing p-
conjugated unit than aliphatic ligands. Moreover, it was found that the optimal size of 
CdSe tetrapods was required to balance the solubility and the electron transport. 
In addition to the crafting of nanocmoposites, we have also developed facile 
route to CdSe/Cd1-xZnxSe1-ySy/ZnS QDs with enhanced optical properties. A graded Cd1-
xZnxSe1-ySy shell was passivated on plain CdSe QDs by simply utilizing chemical 
reactivity difference between cadmium oleate and zinc oleate (i.e., highly reactive 
cadmium-oleate reacts faster than zinc-oleate). Subsequently, zinc sulfide (ZnS) shell was 
further epitaxially grown though additional injection of precursors (i.e., S and Zn) to 
achieve unique optical properties. The surface passivation of plain CdSe QDs with a 
graded Cd1-xZnxSe1-ySy/ZnS shell led to the enhanced optical properties (i.e., quantum 
yield). Moreover, the thicker ZnS shell resulted in red-shifted emission peak as well as 
the suppressed first peak absorption from the CdSe core, thereby reducing re-absorption, 
which have not been observed in conventional CdSe/ZnS QDs due to the larger energy 
level mismatch between CdSe and ZnS. Particularly, CdSe/Cd1-xZnxSe1-ySy/ZnS QDs are 
advantageous over giant CdSe/CdS QDs as the larger bandgap of ZnS than CdS provides 
more tunability for the emission range. While giant CdSe/CdS QDs with suppressed 
reabsorption can only be achieved with the emission peak over 510 nm, it is feasible to 
produce reabsorption-suppressed CdSe/Cd1-xZnxSe1-ySy/ZnS QDs with the emission even 
below 500 nm (i.e., up to 400 nm). The unique optical properties of CdSe/Cd1-xZnxSe1-





photoluminescence spectroscopy. These Stokes’ shift engineered CdSe/Cd1-xZnxSe1-
ySy/ZnS QDs with suppressed re-absorption may serve as promising building blocks for 
optoelectronic applications, including lasers, LED, and solar concentrators. 
 In summary, we have rationally designed and crafted semiconductor CP-NC 
nanocomposites with intimate contacts between CP and NC via catalyst-free click 
chemistry and exploited them for photovoltaics. This facile methodology may assist in 
designing organic-inorganic nanocomposites with the direct contact for various 
applications, including solar cells. 
 
7.2. Future work 
Our P3HT-CdSe NR nanocomposites possess an intimate contact between the 
two semiconducting components, thus enabling efficient charge transfer from P3HT to 
CdSe NRs as confirmed by a transient absorption measurement conducted by our group 
from previous studies. Nonetheless, their use in photovoltaics was not satisfactory as 
shown in Chapter 3 due to the residue ligands. Moreover, spin-casting of P3HT-CdSe NR 
nanocomposites on the substrate did not take advantage of anisotropic nature of CdSe 
NRs that facilitate the direct pathway for charge transport along the long axis of CdSe 
NRs. Therefore, electron hopping process is still dominated among these CdSe NRs, as 
they laid parallel to the substrate, to reach electrodes. As the hopping process occurs, the 
current density drops dramatically, leading to the reduction of PCE. In this context, one 
may further explore the means of their assembly to form vertically aligned CdSe NRs. 





potential of NRs for use in solar cells. 
Although P3HT-CdTe tetrapod nanocomposties have been successfully produced, 
their use in photovoltaics has not yet been investigated. As P3HT-CdTe tetrapod 
nanocomposites possess direct electron transfer from P3HT to CdTe tetrapods owing to 
their intimate contact, improved exciton dissociation resulted from maximized interfacial 
area between electron donating P3HT and electron accepting CdTe tetrapods, and 
enhanced electron transport to electrode due to their three dimensional elongated intrinsic 
structure, it will be interesting to employ them as photoactive layer for use in solar cells. 
It was found that P3HT-CdSe tetrapod nanocomposites prepared with the surface 
modification of CdSe tetrapods using inorganic acid treatment can markedly improve the 
performance of the resulting organic-inorganic hybrid solar cells. However, the optimal 
condition for the best performance of solar cells is still lacking and merits a detailed study. 
The effect of P3HT molecular weight, the grafting density of P3HT, and the 
concentration of bifunctional ligands on the device performance may lead to some 
interesting and promising results. Finally, tuning the open circuit voltage by introducing 
bifucntional ligands with different dipole moment may also offer some feasibility to 
improve the performance. 
We note that the synthetic strategy we developed for CP-NC nanocomposites is 
general and can be readily extend to graft different CPs onto a large variety of inorganic 
semiconducting NCs, creating a set of intriguing multifunctional nanomaterials for 
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